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INTRODUCTION TO THE PROCEEDINGS OF THE SIXTH GEOTHERMAL RESERVOIR 

ENGINEERING WORKSHOP, STANFORD GEOTHERMAL PROGRAM 

Henry J. Ramey, J r . ,  and Paul  Kruger 
Co-Principal I n v e s t i g a t o r s  

I an  G.  Donaldson 
Program Manager 

S tanford  Geothermal Program 

The S i x t h  Workshop on Geothermal Reservoir  Engineering con- 
vened a t  S tanford  Univers i ty  on December 1 6 ,  1980. A s  w i t h  
previous Workshops t h e  a t tendance  w a s  around 100 w i t h  a s i g n i f i -  
can t  p a r t i c i p a t i o n  from c o u n t r i e s  o t h e r  than t h e  United S ta tes  
(18 a t t e n d e e s  from 6 c o u n t r i e s ) .  I n  a d d i t i o n ,  t h e r e  w e r e  a 
number of papers  from f o r e i g n  c o n t r i b u t o r s  n o t  a b l e  t o  a t t e n d .  

Because of t h e  success  of a l l  t h e  ear l ie r  workshops t h e r e  
w a s  only one format change, a new schedul ing of Tuesday t o  
Thursday r a t h e r  than  t h e  earlier Wednesday through Friday.  This  
change w a s  i n  g e n e r a l  considered f o r  t h e  b e t t e r  and w i l l  be  
r e t a i n e d  f o r  t h e  Seventh Workshop. Papers  were presented  on 
two and a h a l f  of t h e  t h r e e  days,  t h e  p a n e l  s e s s i o n ,  t h i s  y e a r  
on thenumer ica l  modeling intercomparison s tudy sponsored by 
t h e  Department of Energy, being h e l d  on t h e  second af ternoon.  
This  pane l  d i s c u s s i o n  i s  descr ibed  i n  a s e p a r a t e  S tanford  Geo- 
thermal  Program Report (SGP-TR42). 

This  y e a r  therewas  a s h i f t  i n  s u b j e c t  of t h e  papers .  There 
w a s  a reduct ion  i n  t h e  number of papers  o f f e r e d  on p r e s s u r e  
t r a n s i e n t s  and w e l l  t e s t i n g  and an i n t r o d u c t i o n  of several new 
s u b j e c t s .  A f t e r  overviews by Bob Gray of t h e  Department of Energy 
and Jack  Howard of Lawrence Berkeley Laboratory,  w e  had papers  
on f i e l d  development, geopressured systems, product ion engineer ing,  
w e l l  t e s t i n g ,  modeling, r e s e r v o i r  phys ics ,  r e s e r v o i r  chemistry,  
and r i s k  a n a l y s i s .  A t o t a l  of 51  papers  were cont r ibu ted  and 
are p r i n t e d  i n  t h e s e  Proceedings.  I t  w a s ,  however, necessary 
t o  res t r ic t  t h e  p r e s e n t a t i o n s  and n o t  a l l  papers  p r i n t e d  w e r e  
p r e s  en t ed . 

Although t h e  content  of t h e  Workshop has changed over  t h e  
y e a r s ,  t h e  format t o  d a t e  has  proved t o  b e  s a t i s f a c t o r y .  The 
o b j e c t i v e s  of t h e  Workshop, t h e  br inging  toge ther  of r e s e a r c h e r s ,  
engineers  and managers involved i n  geothermal r e s e r v o i r  s tudy 
and development and t h e  p r o v i s i o n  of a forum f o r  t h e  prompt 
and open r e p o r t i n g  of progress  and f o r  t h e  exchange of i d e a s ,  
cont inue t o  be  m e t .  Active d i s c u s s i o n  by t h e  m a j o r i t y  of t h e  
p a r t i c i p a n t s  i s  apparent  both i n  and o u t s i d e  t h e  workshop arena.  
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The Workshop Proceedings now con ta in  some of t h e  most h ighly  
c i t e d  geothermal l i t e r a t u r e .  

Unfor tuna te ly ,  t h e  popu la r i ty  of t h e  Workshop f o r  t h e  
p r e s e n t a t i o n  and exchange of i deas  does have some less welcome 
s i d e  e f f e c t s .  The major one is t h e  developing n e c e s s i t y  f o r  a 
l i m i t a t i o n  of t h e  number of papers  t h a t  are a c t u a l l y  presented .  
W e  w i l l  cont inue  t o  inc lude  a l l  o f f e r e d  papers  i n  t h e  Summaries 
and Proceedings.  

A s  i n  t h e  r ecen t  p a s t ,  t h i s  s i x t h  Workshop w a s  supported 
by a g r a n t  from t h e  Department of Energy. This  g r a n t  i s  now 
made d i r e c t l y  t o  S tanford  as p a r t  of t h e  suppor t  f o r  t h e  S tanford  
Geothermal Program (Contract  No. DE-AT03-80SF11459). We are 
c e r t a i n  t h a t  a l l  p a r t i c i p a n t s  j o i n  us  i n  our apprec i a t ion  of 
t h i s  cont inuing  support .  

Thanks are a l s o  due t o  a l l  those  i n d i v i d u a l s  who helped 

The members of t h e  program cormnittee who hac? t o  work so  
hard t o  keep t h e  program t o  a manageable s i z e  - George 
Frye (Aminoil USA), Paul  G. Atkinson (Union O i l  Company). 
Michael L. Sorey ( U . S . G . S . ) ,  Frank G.  M i l l e r  (Stanford 
Geothermal Program), and Roland N.  Horne (Stanford Geother- 
m a l  Program). 

o rgan iza t ion  and ope ra t ion  of t h e  t e c h n i c a l  s e s s i o n s  - 
George Frye (Aminoil USA), P h i l l i p  H. Messer (Union O i l  
Company), Leland L. Mink (Department of Energy),  Manuel 
Nathenson (U.S.G.S.) ,  Gunnar Bodvarsson (Oregon S ta te  
U n i v e r s i t y ) ,  Mohindar S .  G u l a t i  (Union O i l  Company), 
George F. Pinder  (Pr ince ton  Un ive r s i ty ) ,  Paul  A. Witherspoon 
(Lawrence Berkeley Labora tory) ,  Frank G .  M i l l e r  (Stanford 
Geothermal Program) and Michael J. O 'Sul l ivan  (Lawrence 
Berkeley Laboratory) .  

The many people  who a s s i s t e d  behind t h e  scenes ,  making 
s u r e  t h a t  every th ing  w a s  prepared and organized - i n  
p a r t i c u l a r  w e  would l i k e  t o  thank Jean  Cook and Joanne 
Har t ford  (Petroleum Engineering Department, S tanford  
Un ive r s i ty )  wi thout  whom t h e r e  may never have been a 
S i x t h  Workshop. 

i n  s o  many ways: 

The s e s s i o n  chairmen whoccnt r ibu ted  s o  much to t h e  

Henry J .  Ramey, Jr. 
Paul  Kruger 
I an  G. Donaldson 
Stanford  Un ive r s i ty  
December 31, 1980 



Univers i ty  of C a l i f o r n i a  
Lawrence Berkeley Laboratory 

Berkeley, Ca l i fo rn ia  94720 

ABSTRACT 

-3- 

IDENTIFICATION OF GEOTHERMAL RESERVES 

AND ESTIMATION OF THEIR VALUE 

J. H. Howard 

This paper d i scusses  a procedure f o r  es t imat ing  t h e  va lue  
of a hot water geothermal proper ty  from a resource owner's po in t  
of view. Two methods make up the procedure: a "conservat ive" 
method of e s t ima t ion  and a n  "op t imis t i c "  one. Value of a proper ty  
by both methods i s  est imated t o  equal  t h e  present  va lue  of f u t u r e  
income less t h e  c o s t  of resource  ex t r ac t ion .  The two methods 
sha re  a common set  of assumptions (e.g., t h a t  the p r i c e  of hot 
water a t  the  start of cash  flow from a p r o j e c t  w i l l  be the  same). 
However, t h e  methods d i f f e r  i n  important ways. The o p t i m i s t i c  
method, f o r  example, a l lows  f o r  f u t u r e  increase  i n  p r i c e  t h a t  i n  
t u r n  o f f s e t s  d i scoun t ing  of f u t u r e  income. Together t he  methods 
d e f i n e  a range of va lues  that might reasonably be assigned t o  a 
property.  

INTRODUCTION 

This paper desc r ibes  and i l l u s t r a t e s  a procedure f o r  
e s t ima t ing  t h e  wellhead va lue  of a hot water geothermal resource.  
The procedure a l s o  provides  a b a s i s  f o r  es t imat ing  what p a r t  of a 
geothermal resource  is  a reserve .  
t o  p rope r ty  f o r  which no s p e c i f i c  development p lans  have been 
formulated o r  announced. It may be termed "property appra isa l . "  
The procedure should no t  be confused with the  procedure one would 
fo l low i n  dec id ing  upon the  f i n a n c i a l  merit of a s p e c i f i c ,  
complete development plan f o r  a resource.  
u s u a l l y  c a l l e d  a " p r o j e c t  evaluat ion."  

The procedure may be appl ied  

Such a procedure is 

ASSUMPTIONS ABOUT PRICE. COST. AND GEOLOGY 

To c a r r y  o u t  t h i s  a n a l y s i s ,  we begin wi th  a series of 
assumptions regarding:  
for  sale of geothermal f l u i d  (Howard, 1980 a , c ) ,  2) c o s t  t o  
e s t a b l i s h  the  c a p a b i l i t y  t o  produce t h e  resource (Howard, 1980 b , c ) ,  
and 3)  t h e  p l a n  and schedule  t o  br ing  t h e  resource  i n t o  s e r v i c e  
(Howard, 1980 d) .  
t h a t  hea t  contained i n  t h e  f l u i d  only i s  recovered,  and t h a t  
f l u i d  is completely recovered. 
i n t o  t h e  resource  w i l l  y i e l d  a n  u l t i m a t e  recovery of approximately 
1O1O lbm (Howard, 1980 b). We assume t h a t  enough w e l l s  are 
a v a i l a b l e  t o  s e r v i c e  demand a t  a l l  t i m e s  dur ing  production. 

1) p r i c e  t h a t  one would expect  t o  r ece ive  

We assume complete knowledge of t he  resource ,  

We assume t h a t  any w e l l  d r i l l e d  
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Considera t ion  of p o s s i b l e  p lans  f o r  br inging  a resource on 
stream i s  p a r t i c u l a r l y  complex. This problem i s  reviewed i n  
some d e t a i l  i n  Howard (1980 d )  and i s  d iscussed  b r i e f l y  below. 
It has been necessary  t o  make assumptions regard ing:  a )  t he  use  
t o  which t h e  hot water p rope r ty  w i l l  be put (low temperature 
d i r e c t  use ,  i n d u s t r i a l  hea t ing  a t  medium tempera tures ,  or t o  
produce e l e c t r i c t y ) ,  b )  t o  a s s i g n  annual and l i f e t i m e  loads  
acco rd ing ly  and c )  t o  de f ine  a time f o r  s t a r t  of ca sh  flow. 

ARGUMENT FOR THE PRESENCE OF A RESERVE 

According t o  t h e  d e f i n i t i o n  of a r e s e r v e ,  a r e se rve  exists 
i f  t he  geothermal energy can be e x t r a c t e d  and used a t  c o s t s  
compet i t ive  w i t h  o t h e r  energy sources  a t  the  p re sen t  t i m e  (Muffler 
and Guf fan t i ,  1979). The p r i c e  of hydrothermal geothermal f l u i d ,  
p, a t  t he  wellhead i s  proposed t o  depend on i t s  energy con ten t  as 
shown i n  F igure  1 and i s  a func t ion  of r e l a t i v e  s p e c i f i c  en tha lpy  
(see Howard, 1980 a , c ) .  On the  o the r  hand, t h e  c o s t ,  c ,  of b r ing ing  
hydrothermal f l u i d  t o  t h e  wellhead i s  proposed t o  depend on i ts  
depth  of occur rence  and u l t i m a t e  r ecove r i e s  per w e l l  (Howard, 
1980 b ,c ) .  F igure  2 shows the  c o s t  func t ion .  Both func t ions  are 
g iven  on a m i l l s  per pound mass b a s i s .  To a f i r s t  approximation 
that volume of fluid for which 

can be cons idered  a reserve .  

Table 1 l is ts  information regard ing  a s p e c i f i c  resource.  
This in format ion  can be used t o  make p r i c e  and c o s t  estimates i n  
o rde r  t o  determine the  p a r t ,  i f  any, of t h e  resource  that is  a 
r e se rve .  The volume under cons ide ra t ion  i n  t h i s  example is 
a c t u a l l y  on ly  a p a r t  of a s t i l l  l a r g e r  resource.  The example is  
bounded by t h e  310°F i so thermal  s u r f a c e ,  t h e  7500 f o o t  depth  
p l ane ,  and t h e  v e r t i c a l  s i d e s  of t h e  property.  

Study of Table 1 shows t h a t ,  accord ing  t o  d e f i n i t i o n ,  
volumes between 2500 and 6500 f e e t  are reserves .  No r e se rve  
exis ts  below 6500 feet  because c o s t  exceeds p r i c e .  

ASSUMPTIONS R E G A R D I N G  DEVELOPMENT 

The v a l u e  of a reserve depends no t  only on i t s  s i z e ,  
average p r i c e ,  and c o s t  per  u n i t  mass, bu t  a l s o  on t h e  p lan  and 
schedule f o r  i t s  development. Income t o  be rece ived  a t  some 
f u t u r e  t i m e  is g e n e r a l l y  discotinted i n  o rde r  t o  compare cumula- 
t i v e  income over t h e  l i f e  of a p r o j e c t  w i t h  c o s t s  borne a t  the  
s tar t  of t h e  p r o j e c t .  In  o rde r  t o  d iscount  f u t u r e  income, 
however, we need t o  make some assumptions regard ing  t h e  way i n  
which a resource  is  t o  be developed. Assumptions regard ing  p l a n  
and schedule  f o r  development are d i scussed  i n  Howard (1980 d )  
and are summarized i n  Table 2. If t h e  r e p r e s e n t a t i v e  tempera- 
t u r e  is g r e a t e r  than  350°F, f o r  i n s t a n c e ,  we assume t h a t  t he  
r e source  w i l l  be used for e l e c t r i c a l  power genera t ion .  The 
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annual  load i s  assumed t o  be i n  t h e  range of 20 t o  100 x l o 9  lbm 
depending on temperature ( c f .  Austin,  1975) and t h e  30 year  
l i f e t i m e  load  i s  assumed t o  be i n  the range of 650 t o  3000 x 
l o 9  lbm. 

We a l s o  assume, f o r  example, that an a p p l i c a t i o n  i n  t h e  
less than 250°F temperature range w i l l  s tart  i t s  cash  flow one 
yea r  a f t e r  purchase and w i l l  produce a cons tan t  cash  f low equa l  
t o  t h e  product of annual load and p r i c e  per  pound mass (dependent 
on tempera ture)  f o r  30 years.  For an a p p l i c a t i o n  i n  the  
250-35OOF range ,  we assume t h a t  a cons tan t  cash flow w i l l  s tar t  
t h r e e  y e a r s  a f t e r  purchase and w i l l  continue f o r  30 years.  For 
e l e c t r i c  power product ion  w e  assume t h e  s t a r t  of c a s h  flow t o  
begin s ix  yea r s  a f t e r  purchase. We assume t h a t  a l l  c o s t s  t o  
e s t a b l i s h  a 30 year  c a p a b i l i t y  t o  produce are borne a t  t h e  start  
of development of t he  p r o j e c t .  

CONSERVATIVE ESTIMATES OF VALUE 

A reasonable  estimate of t he  monetary f a i r  market va lue  of 
a p rope r ty  can be determined by c a l c u l a t i n g  t h e  p re sen t  worth 
of t he  i n i t i a l  p r o j e c t  one might l o g i c a l l y  expec t  t h e  proper ty  
t o  suppor t .  Such a de te rmina t ion  can be made i f  one accep t s  t h e  
assumptions t h a t :  1 )  t h e  s i z e  and r e p r e s e n t a t i v e  temperature 
and depth t o  t h e  resource  are known, 2 )  estimates f o r  t h e  
average  p r i c e  and c o s t  of the  f l u i d  i n  the  resource  are v a l i d ,  
and 3 )  t h e  p l a n  and schedule f o r  development of t h e  f i r s t  
p r o j e c t  on t h e  p rope r ty  are  those sketched i n  the  prev ious  
s e c t i o n  and summarized i n  Table 2. I f  one accep t s  t hese  
assumptions,  i t  i s  a s t r a igh t fo rward  procedure t o  c a l c u l a t e  a 
p r e s e n t  worth as a func t ion  of d i scoun t  rate. 
t h e s e  q u a n t i t i e s  as a measure of t he  va lue  of t he  property.  

One may then  use 

We c a l c u l a t e  t h e  p re sen t  worth of t h e  a n t i c i p a t e d  i n i t i a l  
p r o j e c t  on the p rope r ty  as  follows. 

The annual m a s s  use of the  resource ,  QA, expressed in 
pounds-mass, v a r i e s  w i t h  the  type of p r o j e c t  and more funda- 
men ta l ly ,  w i th  t h e  r e p r e s e n t a t i v e  temperature of t h e  resource  
(see Table 2). 
sale of a pound-mass of t he  resource ,  p,  i s  a f u n c t i o n  of 
r e l a t i v e  s p e c i f i c  en tha lpy  g iven  i n  m i l l s  per  pound mass (see 
Figure  1). Annual cash income, IA, i s  the product:  

The p r i c e  t h a t  one might expect t o  r e a l i z e  from 

We assume a 30 year l ifetime f o r  a p r o j e c t  and a cons tan t  
annual  income. Thus t h e  va lue  of a l l  income from t h e  30 year 
l i f e  of t h e  p r o j e c t  is, a t  the s ta r t  of c a s h  flow, g iven  by: 

I' = IAD' ;  

where D' is t he  d i scoun t  f a c t o r  g iven  by 



-6- 

The q u a n t i t y  i i s  the  annual d i scount  rate. 

Inasmuch as income from t h e  30 year l i f e  of t h e  p r o j e c t  
w i l l  s t a r t  a t  v a r i o u s  f u t u r e  times depending on the  type of 
p r o j e c t ,  a n t i c i p a t e d  30 year income a t  the  start  of cash  flow 
must i t s e l f  be discounted t o  ze ro  t i m e .  This d i scoun t  f a c t o r  
i s  g iven  by 

where, as b e f o r e ,  i i s  i n t e r e s t  ra te  and m i s  years  un t i l  s tart  
of cash  flow. 

The p r e s e n t  va lue  of f u t u r e  incomes, I t ' ,  i s  equal t o  a l l  
income d iscounted  t o  t h e  s t a r t  of c a s h  flow, I t ,  and then  
disounted a g a i n  t o  ze ro  t i m e .  

A lgebra i ca l ly :  

- 1 1 
(7) 

Presen t  worth,  PVP, is t h e  d i f f e r e n c e  between p resen t  
va lue ,  I", and p resen t  c o s t ,  C. We estimate p resen t  c o s t  by 
determining the l i f e t i m e  mass requirements of t h e  p r o j e c t  and 
mul t ip ly ing  by a c o s t  per  u n i t  mass, C. The l i f e t i m e  requi re -  
ments are l i s t e d  i n  Table 2 and Figure  2 shows c o s t s  on a 
pound-mass b a s i s  as a f u n c t i o n  of r e p r e s e n t a t i v e  dep th  t o  t h e  
r e s e r v o i r  (see Howard, 1980b). Thus: 

(8) PVP = I" - c. 

OPTIMISTIC ESTIMATES OF VALUE 

Although an estimate of p re sen t  worth, d i scounted  appro- 
p r i a t e l y  as  explained above, p rov ides  a basis f o r  e s t ima t ing  
va lue  of a proper ty ,  s t i l l  o t h e r  cons ide ra t ions  should be 
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addressed i n  order  t o  f u l l y  a p p r e c i a t e  i t s  va lue :  
of p r i c e s  (and c o s t s )  over t he  l i f e t i m e  of t h e  p r o j e c t ;  2 )  t h e  
assignment of va lue  t o  t h a t  p a r t  of t h e  proper ty  i n  excess of 
t h e  requirements of the  i n i t i a l  p r o j e c t ;  3)  f a c t o r i n g  i n  t h e  
l i k e l i h o o d  t h a t  development w i l l  a c t u a l l y  occur i n  view of 
geographic and demographic cons idera t ions .  

1) e s c a l a t i o n  

DISCUSSION 

We propose t o  t rea t  t h e  ques t ion  of e s c a l a t i o n  of c o s t s  and 
p r i c e s  i n  a s i m p l e  way. 
t reat  all c o s t s  as incur red  a t  the  start  of t he  p r o j e c t .  I n  
b r i e f ,  our reasoning is t h a t  de fe r r ed  e s c a l a t e d  c o s t s  (d iscounted  
a t  about 12%) and p r e s e n t  c o s t s  are more o r  less equiva len t  
(Howard, 1980d). 

I n  making a n  a p p r a i s a l  w e  propose t o  

Esca la t ion  of p r i c e s  f o r  energy had been dramatic i n  the  

Inc reases  i n  p r i c e  on the  order  of 12% o r  more pe r  
1970's and r e c e n t l y  has  been on the order  of 20-252 (Howard, 
1980a,c).  
year  are i n  t h e  range of rates of r e t u r n  on investment t h a t  
a p p e a r  t o  be accep tab le  t o  resource  developers.  Comparison of 
e s c a l a t i o n  of p r i c e s  and rates of r e t u r n  sugges ts  that inc reases  
i n  p r i c e s  and t h e  process of d i scoun t ing  f u t u r e  incomes may 
cance l  each o the r .  The consequence of t h i s  c a n c e l l a t i o n  i s  t h a t  
t h e  p re sen t  va lue  of a p r o j e c t  i s  equal t o  annual income times 
d u r a t i o n  of t h e  p r o j e c t .  * 

The ques t ion  of mass of t he  resource  much g r e a t e r  than 30 
year  l o a d ,  o r  i n  o the r  words, assignment of va lue  t o  t h a t  p a r t  
of t he  p rope r ty  i n  excess of t h a t  requi red  f o r  t he  i n i t i a l  pro- 
j e c t ,  can be handled i n  s e v e r a l  ways. F i r s t  is t o  de f ine  the  
p rope r ty  a r e a l l y  ( o r  vo lumet r i ca l ly )  so  t h a t  it is  i n s i g n i f i c a n t l y  
b igger  than t h a t  requi red  f o r  t he  i n i t i a l  p r o j e c t .  The second i s  
t o  expect no p r e s e n t  va lue  of t h e  excess bu t  t o  ask a r o y a l t y  on 
product ion  from i t ,  should product ion  of t h e  excess ever  occur. 

The p o s s i b i l i t y  t h a t  development w i l l  eve r  occur on a proper ty  
i s  impossible t o  g e n e r a l i z e  about because it is  dependent upon 
t h e  s p e c i f i c  p rope r ty  and on ind iv idua l  judgment. This s u b j e c t i v e  
u n c e r t a i n t y  and t h e  u n c e r t a i n t y  a s s o c i a t e d  w i t h  e s c a l a t i o n  of 

A more r igo rous  a n a l y s i s  could  have been c a r r i e d  ou t  wherein 
f u t u r e  p r i c e s  (and income) are increased  accord ing  t o  an equat ion  
involv ing  a n  e s c a l a t i o n  f a c t o r .  Among t h e  s o l u t i o n s  d e r i v a b l e  
from such an approach is the  s o l u t i o n  wherein e s c a l a t i o n  j u s t  
o f f s e t s  d i scoun t ing  (i.e.,  t h e  so-called o p t i m i s t i c  case, l i k e -  
l i hood  of 1, of t h i s  paper). Other s o l u t i o n s  would a l s o  be 
a v a i l a b l e ,  i n  p r i n c i p l e ,  however, whereby one could estimate t h e  
va lue  of t h e  p rope r ty  as a func t ion  of e s c a l a t i o n  as w e l l  as 
o t h e r  parameters d i scussed  i n  the  paper. The importance of such 
e s c a l a t i o n  w a s  emphasized t o  m e  by my co l l eague ,  A.N. Graf ,  
however, i t s  i n v e s t i g a t i o n  is  beyond t h e  scope of t h i s  paper. 

* 
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p r i c e s  o f f s e t t i n g  d iscount ing  of f u t u r e  income may be combined i n  
a s i n g l e  f a c t o r ,  f (0  < f < l), t h a t  w e  have c a l l e d  a " l ike l ihood"  
f a c t o r .  We recognize i t  as a s u b j e c t i v e  f a c t o r  and f e e l  t h a t  t he  
b e s t  way t o  handle is i s  t o  d i s p l a y  i t  c l e a r l y .  

Treatment of t he  cons ide ra t ions  introduced i n  t h i s  s e c t i o n  
of t he  paper may be summarized as follows: 

1) t h e  va lue  of an a n t i c i p a t e d  i n i t i a l  p r o j e c t  on an  
undeveloped geothermal p rope r ty  i s  equal t o  annual income from 
t h e  p r o j e c t  times a 30 year expected p r o j e c t  l i f e t i m e :  

(9) V = IAx30; 

2 )  t h e  va lue  of t h e  p r o j e c t  should be discounted by t h e  
f a c t o r  f 

t o  r e f l e c t  t he  l i k e l i h o o d  t h a t  development w i l l  occur and t h a t  
d i scoun t ing  of f u t u r e  income is  unnecessary: 

V' = Vf = f I x30; A (11) 

3 )  t h e  c o s t  of t he  p r o j e c t ,  C ,  i s  c a l c u l a t e d  as i n  the  
conse rva t ive  case; 

4 )  t h e  va lue  of t h e  p rope r ty  i s  i t s  p resen t  va lue  
p r o f i t ,  V " :  

COMPARISON AND GENERAL COMMENT 

It can  be shown that t h e  es t imated  va lue  of t h e  proper ty  
i s  the  same according t o  e i t h e r  method f o r  c e r t a i n  condi t ions .  
For i = 0 and f = 1, V" = PVP. 

Furthermore, t h e  two estimates are equal ,  V" = PVP, when 

D'D" 
f = -  

30 
( 1 3 )  

The q u a n t i t y  D 'D"  depends on the d i scoun t ing  ra te ,  i. For 
d i scoun t  rates i n  t h e  range of 10-202, namely t h e  range most 
commonly mentioned as reasonable  for d i scoun t ing ,  D'D"  has 
va lue  of about 5. Thus, roughly,  V">PVP i f  f>1/6. Based on 
t h i s  argument, f e e l i n g  t h a t  most of the t i m e  f w i l l  be a b i t  
g r e a t e r  t han  1 /6  and w i l l  t h e r e f o r e  l ead  t o  h ighe r  va lues ,  we 
have termed t h e  method invo lv ing  t h e  l i k e l i h o o d  f a c t o r ,  f ,  a s  t h e  
o p t i m i s t i c  method. 
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It should be f a i r l y  c l e a r  from t h e  previous  d i s c u s s i o n  
t h a t  on ly  a range of va lues  can  be reasonably def ined  by t h e  
procedure. S u b j e c t i v i t y  cannot be avoided, and perhaps i t  is 
unreasonable t o  expect that it  could be avoided. The procedure 
does ,  however, d e f i n e  a f i n i t e  range of va lues  and h e l p s  t o  
e l u c i d a t e  t h e  consequences of c e r t a i n  s u b j e c t i v e l y  set p r e j u d i c e s ,  
p a r t i c u l a r l y  accep tab le  d iscount  rates and "hunches" regard ing  
energy p r i c e s  i n  the  fu tu re .  We a n t i c i p a t e  t h a t  sellers w i l l  
f avo r  t h e  o p t i m i s t i c  method; buyers,  t h e  conserva t ive  method--for 
obvious reasons .  We a l s o  propose that t h e  range of va lues  w i l l  
be p r a c t i c a l l y  l i m i t e d  by t h e  conserva t ive  methods using d iscount  
rates c l o s e  t o  t h e  prime rate ( a  low e s t i m a t e )  and by t h e  o p t i m i s t i c  
method us ing  a l i k e l i h o o d  f a c t o r  of about 0.5. It would be 
s u r p r i s i n g  t o  u s  i f  any proper ty  were appra ised  f o r  more than i t s  
o p t i m i s t i c  va lue  wi th  a l i k e l i h o o d  f a c t o r  of 1.0. 

EXAMPLE CALCULATION 

In  t h i s  s e c t i o n ,  we i l l u s t r a t e  the  procedures explained 
p rev ious ly  by a p p l i c a t i o n  t o  a s p e c i f i c  example. Information 
about the  i l l u s t r a t i v e  example is l i s t e d  i n  Table 3 .  

We wish t o  c a l c u l a t e  and d i sp lay  informat ion  about the  
p rope r ty  using both conserva t ive  and o p t i m i s t i c  methods. 

F igure  3 shows p resen t  va lue  p r o f i t  f o r  the proper ty  as a 
f u n c t i o n  of d i scoun t  r a t e  and of l i k e l i h o o d  f a c t o r .  In spec t ion  
of t he  f i g u r e  shows the  following. For i n t e r e s t  rates g r e a t e r  
than  8%, va lue  of t he  proper ty  i s  negat ive .  For an i n t e r e s t  rate 
of 1 2 %  va lue  i s  -$125 K. I n  c o n t r a s t ,  va lue  of t he  proper ty  i s  
es t imated  t o  be almost $200 K f o r  a l i k e l i h o o d  f a c t o r  of 0.5. 

Study of a r e p o r t  on t h i s  r o p e r t y  sugges t s  t h a t  ultimate 
r e c o v e r i e s  of more than  10 x 10 E; lbm pe r  w e l l  may be  a t t a i n a b l e  
and t h u s  t h a t  our g e n e r a l  c o s t  e s t ima t ing  should be modified i n  
view of s p e c i f i c  information. I n i t i a l  f low rates  per w e l l  
(pumped) are on the  o rde r  of 400,000 lbm/hr. The c a l c u l a t i o n s  
shown i n  F igure  3 are based on a r e p r e s e n t a t i v e  w e l l  having a n  
u l t i m a t e  recovery of 10  x lo9 l b m ,  a n  hour ly  mass flow of 
240,000 lbm, and a l i fe t ime of a t  l ea s t  5 years .  Thus w e  have 
r e c a l c u l a t e d  t h e  example us ing  only  60% of c o s t s  (i.e., 
240,000/400,000) .  ( I f  even g r e a t e r  u l t i m a t e  r ecove r i e s  could be 
shown c o s t s  would d e c l i n e  s t i l l  more and p rope r ty  va lue  i n c r e a s e  
even more.) Reca lcu la t ion  l e a d s  t o  t h e  conclusions shown i n  
F igu re  4. For i n t e r e s t  rates g r e a t e r  than  about 1 4 % ,  va lue  of 
t h e  p rope r ty  i s  negat ive .  For an i n t e r e s t  ra te  of 12%, va lue  i s  
$40,000. I n  c o n t r a s t ,  va lue  of t h e  proper ty  i s  approximately 
$372,000 f o r  a l i k e l i h o o d  f a c t o r  of 0.5. 

C lea r ly  a f a i r l y  wide range of va lues  r e s u l t s  from the two 
methods and two a p p r a i s a l s .  Some s u b j e c t i v i t y  and a r b i t r a r i n e s s  
are necessary  i f  the  range is  to be c u t  down. As a sel ler  we 
would a rgue  f o r  a va lue  of a t  least  $372 IC. As a buyer we would 
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propose a nominal p r i c e  of 0 ( c u r r e n t  p r i c e  ra te  being more than 
14%). 
be negot ia ted ,  would be $186 K ,  namely h a l f  t he  d i f fe rence .  

Thus a reasonable  compromise va lue ,  which obviously must 
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TABLE 1. DATA ON PROPERTY A* 

DEPTH W S  OF AVERAGE AVERAGE AVERAGE ESTINATED **REPRESEN- ESTIMATED DIFFERENCE COMMENT 
INTERVAL FLUID TEMPERA- EKMALPY RELATIVE PRICE PER TAT IVE COST PER (Xl l l s / lbm)  

X10" MAS s ENTHALPY ( rUl l s / lbm)  (Fee t )  ( M l l s / l b m )  
(Fee t )  (lbm) TURE *P PER POUND SPECIFIC POUND MASS DEPTH POUND MASS 

(Btu/lbm) (Btu/lbm)** 

2500-3500 7.81 320 264 231 0.171 3000 0.051 0.120 Reserve 

3500-4500 7.56 326 2 70 243 a. 174 4000 0.070 0.104 Reserve 

4500-5500 11.7 329 273 246 0.176 5000 0.097 0.079 Reserve 

5500-6500 17 .1  334 278 251 0.180 6000 0.134 0.046 Reserve 

6500-7500 16.4 338 282 255 0.182 7000 0.185 - 0.003 Not a Reeem 

*Reservoi r  o r i g i n a l l y  de f ined  by 310.F su r face .  7500 f o o t  depth  p lane ,  and lateral boundar ies  o f  t h e  proper ty .  
**Rela t ive  t o  2 7  Btullbm r e f e r e n c e  p o i n t .  

TABLE 2. ASSWTIONS FOR DEVELOPMENT OF A HUT WATER GEOTHERMAL RESOURCE 

DELAY TO 
RANGE OF (30 YEARS) UELL REQUIRPWTS WELL REQUIRFXEZITS START OF 

CLASS TEHFERATURE USE ANNUAL LOAD LIFFFIHE LOAD INSTMANEOUS LIFETIME (30-YEAR) 

X lo9 l b m  X 109 lbm NO. NO. CASH FLOW-YEARS 

LOW 250.P r e s i d e n t i a l  0.5 1 5  1 2 
h e a t i n g  

h e a t i n g  

e l e c t r i c i t y  20-100 600-3000 10-50 60-300 

HEDIU?4 250-350.F commercial 5 .0  150 3 15 

HIGH 350.P produce 

1 

3 

6 

TABLE 3. INFORMATION ABOUT THE ILLUSTRATIVE EXAMPLE 

COMMENT I T  M 

T, representa t ive  temperature 180°F 
% 

2, representa t ive  depth 1300 f t .  

11 lbm It, t o t a l  mass of f l u i d  in 2.79 x 10 
t h e  r e se rvo i r  

I*, an t i c ipa t ed  annual income 
from i n i t i a l  p ro jec t  

$42,470 

Ij0 30 year  income from i n i t i a l  $1,274,100 
p ro jec t ,  no "discounting" 

CN, an t i c ipa t ed  t o t a l  cos t  t o  $442,564 
serv ice  i n i t i a l  projEct 

4, reported flow r a t e s  800 gpm 
( G O 0 , O O O  lbm/hr) 

9 mills 0.5 x 10 lbrn x 0.0849 Ibm 

9 mills lbm x 0.029504 ~bm 15 I 10 
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PRODUCTION HISTORY OF THE GEYSERS STEW FIELD 

Herman Dykstra 
Petroleum Engineering Consul tant  

Concord , Cal i f  o r  n i  a 

INTRODUCTION 

A r a t h e r  comprehensive r e s e r v o i r  engineer ing  s tudy  made by Ramey (1968) o f  t h e  
B i g  Geysers area c o n t a i n s  a t a b l e  of  y e a r l y  product ion,  c u m u l a t i v e  product ion,  
and average p res su re  of wells producing from t h e  shal low zone i n  t h e  Big Geysers 
area f o r  t h e  pe r iod  from 1957 t o  1967. Product ion p r i o r  t o  1957 is not  inc luded  
i n  t h e  cummulative product ion because of  incomplete records .  He used t h e  
informat ion  t o  p l o t  a p/z curve ve r sus  cumulative production to obtain an 
u l t i m a t e  steam recovery o f  135 b i l l i o n  pounds from t h e  shal low zone t o  an 
abandonment p re s su re  of 65 psig.  

A b r i e f  engineer ing  s tudy  was presented  by Lipman, e t  al (19771, a t  which t i m e  
e leven  power gene ra t ing  p l a n t s  were i n  opera t ion .  Included i n  t h a t  s tudy  is 
a b r i e f  p i c t u r e  o f  t h e  r e g i o n a l  drainage system around t h e  Sulphur Bank, Happy 
Jack ,  and B i g  Geysers a r e a  showing t h e  shal low r e s e r v o i r  anomaly i n  r e l a t i o n  
t o  t h e  l a r g e r  r e g i o n a l  f r a c t u r e  system. 
showing t h e  change o f  t h e  
April1477. 
i n t o  U n i t s  1 t o  11. These au thors ,  however, d i d  not present  product ion d a t a  
t o  c o r r e l a t e  with t h e  pressure behavior t h a t  they  described. 

Also presented  is a p res su re  map 
p s i a  i soba r  with time and an i s o b a r i c  map a s  of 

These two maps cover t h e  a r e a  from which wells produced steam 

T h i s  paper p r e s e n t s  a b r i e f  h i s t o r y  of t h e  development of t h e  f i e l d ,  followed 
by s e v e r a l  examples of  product ion dec l ine  curves  f o r  wells having six or more 
y e a r s  of h i s to ry .  
w e l l  spacings.  The paper concludes wi th  a s e c t i o n  on t h e  monthly, yea r ly ,  and 
cumulative product ion data as r e p o r t e d  t o  t h e  C a l i f o r n i a  Div is ion  of  O i l  and 
G a s  . 

The wells s e l e c t e d  have vary ing  product ion r a t e s  and o r i g i n a l  

BRIEF HISTORY OF DEVELOPHENT 

The development of t h e  Geysers Field began in 1921 with the drillin 
t h e  Big Geyser8 area. 
ment ceased because of a l a c k  of market f o r  energy developed from steam (Allen 
and Day , 1927) . 

of a well in 
By 1925 e i g h t  wells had been d r i l l ed  but  f u r t h e r  develop- 

In 1955 development s t a r t e d  again when Magma Power Company obta ined  a l e a s e  from 
t h e  Geysers Development Company and d r i l l e d  well Magma 1. 
jo ined  with Thermal Power Co. t o  d r i l l  a d d i t i o n a l  wells t o  t es t  t h e  p o t e n t i a l i t i e s  
of  t h e  Geysers steam r e s e r v o i r  and t o  a i d  i n  marketing the steam. 
Garr i son ,  1972) 
had been d r i l l e d .  

Magma Power Co. then  

(HcHillan, 1970; 
D r i l l i n g  cont inued unti l  by t h e  end of  1959 t h i r t e e n  more wells 
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I n  September, 1960, t h e  f i r s t  power p l a n t  of  12 MWe was i n s t a l l e d .  
with t h i s  p l a n t  i n d i c a t e d  t h e  v i a b i l i t y  of produced steam as a source of energy 
f o r  gene ra t ing  electric power. 
more w e l l s  were d r i l l e d  with Unit 2 of  14 MWe i n s t a l l e d  i n  March of t h a t  year.  
D r i l l i n g  cont inued u n t i l  by t h e  end of  1965 t h e  Magma-Thermal group had d r i l l e d  
37 wells . 

Experience 

I n  1961 two wells were d r i l l e d  and i n  1963 e i g h t  

I n  1966 Union O i l  Company d r i l l e d  and completed Ottoboni Fede ra l  1 as a s u c c e s s f u l  
producing w e l l .  
leases t o  f u r t h e r  develop t h e  area with Union as t h e  opera tor .  
1968 a t o t a l  of  54 w e l l s  had been d r i l l e d ,  of  which two were d r i l l e d  by Geothermal 
Resources I n t e r n a t i o n a l ,  and Un i t s  3 and 4 had been i n s t a l l e d  f o r  a t o t a l  gener- 
a t i n g  capac i ty  o f  80 MWe. 

I n  t h a t  year  Union and t h e  Magma-Thermal group pooled t h e i r  
By t h e  end of  

The d r i l l i n g  a c t i v i t y  inc reased  i n  1969 i n  a n t i c i p a t i o n  of  a d d i t i o n a l  power 
p l a n t s  t o  be put i n  opera t ion .  
were i n s t a l l e d  and placed on l i n e .  It w a s  almost f i v e  y e a r s  before  another  
p l an t  was placed on l i n e .  
a t o t a l  i n s t a l l e d  gene ra t ing  c a p a c i t y  of 930 MWe, 

I n  t h e  y e a r s  1971 through 1974 seven more u n i t s  

By September 1980 four t een  u n i t s  were on l i n e  with 

A list of t h e  p l a n t s  i n  ope ra t ion  along with f i e l d  ope ra to r ;  da t e  o f  i n s t a l l a t i o n ,  
and s i z e  o f  p l an t  is given i n  Table 1. 
Aminoil now also supply steam to power p l an t s .  
steam t o  t h e  l a r g e s t  p lan t .  

I n  a d d i t i o n  t o  Union, Thermogenics and 
A s  CRII be seen  Aminoil s u p p l i e s  

INDIVIDUAL WELL PRODUCTION BEHAVIOR 

The i n i t i a l  steam product ion rate of a new w e l l  depends on t h e  s i ze  and number of 
f r a c t u r e s  pene t r a t ed  by t h e  well, on t h e  hole  and cas ing  s i z e ,  on t h e  depth of 
t h e  w e l l ,  on t h e  r e s e r v o i r  pressure, and on t h e  r e s e r v o i r  i t s e l f .  For high rates 
t h e  w e l l  w i l l  be l i m i t e d  p r i m a r i l y  by hole  size. 
l i m i t e d  by t h e  e f f e c t i v e  kh (permeabi l i ty - th ickness  product )  of t h e  r e s e r v o i r  
around t h e  wel lbore,  
by Budd (1972) who presented  t w o  graphs showing how rate ve r sus  wellhead p res su re  
was e f f e c t e d  by ho le  s i z e  and by depth. 

For low rates t h e  w e l l  w i l l  be 

The wel lbore e f f e c t s  of depth and hole  size were i l l u s t r a t e d  

Typica l  product ion dec l ine  cu rves  f o r  e leven  wells are shown i n  Figs .  1 t o  7. 
The d a t a  p l o t t e d  are as r e p o r t e d  by t h e  ope ra to r  t o  t h e  C a l i f o r n i a  Div is ion  of  
O i l  and G a s ,  The i n i t i a l  
rates v a r i e d  over about a f ive - fo ld  range, 
being about f i v e  acres per  w e l l  f o r  t h e  Happy Jack, Sulphur Bank, and Thermal 
wells i n  t h e  o l d  p a r t  of t h e  f i e l d  t o  about 40 acres per w e l l  f o r  t h e  o t h e r  wells. 
A l l  of t h e  product ion d a t a  were not  a v a i l a b l e  fo r  wells Sulphur Bank 7 and 
Thermal 10 because p r i o r  t o  A p r i l ,  1968, only  t h e  ki lowatt-hours  genera ted  were 
repor ted .  
Sulphur Bank 7 i n t o  Unit  3 i n  J u l y ,  1967. 

The h i s t o r y  per iod  ranged from s i x  t o  twelve years .  
The i n i t i a l  w e l l  spac ing  v a r i e d  a l s o  

Thermal 10 a c t u a l l y  went on product ion i n t o  Unit 1 i n  September 1960; 

These product ion curves  can be compared wi th  those  of Budd (1972) f o r  w e l l  spac ings  
of 45, 20, and 5 a c r e  spacing,  
way between t h e  20 and 5 acre curves  with t h e  a c t u a l  curve showing a dec l ine  at 
t h e  end of s i x  y e a r s  t h a t  is greater than  t h e  dec l ine  of t h e  c a l c u l a t e d  curves  
presented  by Budd. 

The average curve f o r  t h e s e  wells f a l l s  about mid- 
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FIELDWIDE PRODUCTION 

The monthly product ion r a t e  of  t h e  Geysers F i e l d  based on r e p o r t e d  d a t a  is shown 
i n  F igu re  8, 
rate was 7489 m i l l i o n  pounds of  steam f o r  t h e  month o f  December, 1979. 

A s  of  t h e  end of  1979, when 684 MWe were on stream, t h e  maximum 

Yearly product ion d a t a  and cumulative data see shown i n  Table  2, 
product ion d a t a  inc lude  f i e l d  product ion from wells on stream and es t imated  
product ion c o n s i s t i n g  of  flow from blowout w e l l  Thermal 4; from w e l l s  t h a t  are 
being vented ;  and from tes ts  on wells t h a t  are being d r i l l e d  @G&E 1979). The 
r e p o r t e d  product ion wes obta ined  from t h e  f i l e s  o f  the  C a l i f o r n i a  Div is ion  o f  
O i l  and Gas .  
pounds of steam, 

The t o t a l  steam 

The cumulative product ion a t  t h e  end of  1979 w a s  624 b i l l i o n  
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T A B E  1 

herator 

Ua F. 3 -P .e  r r. a 1 ( a )  
Uac,a-Ther=a!. (a) 
Union 
Union 
Union 
Union 
Union 
Unicn 
%i3n 
T k e r T o S e r l c s  
Anir.oi1 
Union 

Dati. on 5ir.e 

S e p t e m b e r  69 
E u c h  53 
A p r i l  67 
Novrsber 58 
D e c e r b e r  71 
xug. ? Hov. 72 
C c t .  4 f lov. ?3 
yay 7 5  
:.!3zc+. 79 
Z.1r.e 79 
Mag eo 
S e ? r e g b e r  80 

( a )  E a p a - T h e r ~ a l  g r o u p  was operator prior t o  joining w i t h  Union 

YEARLY ?BCDCCIICN* 
GEYSZS FT3;LD, !XLIFOL!IA 

n >.'e 

12 
14 
27 
27 
55/55 
55/55 
55/55 

- 

110 
110 

55 
135 
110 

-. 

Y e a r  - 

1957 
1958 
1959 
1960 

1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 

1971 
1972 
1973 
1974 
1975 

1977 
i978 
1979 

1976 

F i e l d  E s t i m a t e d  Total Steam 
i ' r o d u c t l o n  O t h e r  Pr oduc t ion 

( a )  ( a )  ( a )  

110 997 
113 2470 
442 2429 
1013 2192 

2273 
2422 
4025 
5892 
5763 
6639 
9079 
9822 

15019 
14365 

2219 
2024 
2098 

1988 
1864 
1722 
1791 
1743 

2058 

1892 

1107 
2583 
2871 
3205 

4492 
h446 

7950 
7751 

6123 

8503 
10801 

16762 
16217 

11613 

17321 1720 19041 
34783 2039 36822 
47320 2231 49551 
58045 2418 60463 
67387 2 4 0  69827 
71015 2191 73206 
71567 1714 73281 

B e p o r t e d  
" o d u c t  i o n  

15019 
( C )  

1 7 2 2 6  
34783 
47320 

67229 
70498 
71709 
60960 
79140 

58046 

Ci;n E;., 

12 
26 
53 
80 

190 
3m 
41C 
520 
630 
585 
e20 
930 

Cum. 
P r o d u c t i o n  

( 0 )  

1.11 
3.69 
6.56 
9.77 

14.26 
18.70 
24.33 
32.78 
40.53 
49-03 
59.53 
71.44 
88.21 

104.44 

123.46 

209.84 
270.30 
34.13 
413.33 
484.57 
545.53 
624.67 

160.29 

* I n  m i l l i o n  pounds 
( a )  Reference (%&E 1979) 
( b )  I n  b i l l i o n  pounds 
( c )  October production d a t a  m i s s i n g  f r o m  f i l e s  
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4 GEOLOGIC, HYDROLOGIC AND GEOCHEMICAL MODEL OF THE SERRAZZANO ZONE OF THE LARDERELLO GEOTHERMAL FIELD 

C. Calore, R. Celati. F. 0' Amore, and P. Squarci 
IIRG, CNR, Pisa, Italy 

and 

A. Truesdell 
USGS, Menlo Park, California 

INTRODUCTION 

The large number of nonproductive wells lying along the northern and western margins of the Larderello 
field have indicated some boundaries of the productive area but have also prevented us, so far, from fully 
understanding the pheiomena controlling the behavior o f  the geothermal system in these areas. 

In 1980 ENEL re-opened some wells that had been shut-in immediately after drilling, thus offering us the 
possibility to complete the geochemical picture by means of numerous samplings of steam, gas and water in both 
productive and nonproductive wells. Some recent physical parameters measured in nonproductive and abandoned 
dells also helped in further defining the hydrogeological and thermal situation. 

GEOCHEYICAL STUDY OF THE GEOTHERMAL FLUIDS IN THE SERRAZZANO AREA 

This study covered the Serrazzano area and most of the southwestern sector of the Larderello field, as 
shown in Figure 1. The fluids from the wells in this zone have an extremely varied geochemical composition. 
The study was directed at individuating the recharge mechanism prevailing in the area (local infiltration, 
regional water circulation, steam from high pressure zones, condensate re-evaporation, etc.) and at comparing 
spatial variation in composition with the results o f  the Raleigh condensation model. 

Wherever possible we used the average values of the period 1971 through 1978 for the wells joined to the 
distrihution network. The wells joined to the distribution network in the inteqsely drilled zone, all of 
which are pre-1950 bores, were considered to give a gaslsteam ratio of the order of 20 Nllgk. This value is 
the maximum for the last 15 years and also the norm in the 1950's. During the last ten years the gaslsteam 
ratios i p  the zone have, in fact, been seen to decrease slightly. The gaslsteam value for the Cieccaie well 
is that ,2f the 1950 period (25 Nl/kg). 

Geographic trends in steam composition 

The distribution of s t e m  cornpoiition in the Larderello field i s  usually clearly defined (Celati et al., 
1973; Panichi et al., 1974; D'Amore et al., 1977; D'Amore and Truesdell, 1979). With the exception of the 
zones next t o  the recharge areas, the concentrations of the noncondensable aases generally increase from the 
center 3f the field outwards; the concentrations o f  the species more soluble in the liauid phase (150, 
H3BO3, HCl), on the other hand, decrease in the same direction. These distributio? trends of the chemical 
species suggest a lateral flow of steaq from zones in which steam of deep origin forms and rises, towards the 
margins, with a partial condensation and depletion of the species that are more soluble in the liauid phase. 
Figures 2, 3 ,  4 ,  and 5 show the spatial distribidtions i n  the study area of H3803, HC1, 
gaslsteain ratio (90-98 per cent of which is CO2). 
although the lowst recorded values (150 ppm) were found in the central zone o f  the study area (Val de Cornia) 
and around VC/lO well. 

180, and the 
Ammonia presented no clear qeographic distribution, 

These four parameters (C02, HjBO3, C1, and 180) have clearly defined spatial distributions, 
especially in the northern part of the study area. 
physical model based on a Rsleigh's condensation process. The model vas successfully applied in the "classic 
zone" of the Larderello field (D'Ainore and Truesdell, 1979). 
the fluid coming from one or more main sources. 
condensatim of part of the steam; while the condensate is drained downwards, the residual steam continues to 
flow towards the margins of the reservoir. 
hydrologic gradient to the center and is revaporized. 

Figure 6 is based on analysis of the trends of these four parameters aloqg the flow line (wells V C / I O ,  
Grottitania, densely drilled area, Cioccaie. Pozzaie 2, no. 8, no. lC, no. 14) represented by the A-8 line of 
Figures 2-5. 
1979). 
progressive condensation, reducing the less volatile elements of the residual fluid and increasing the more 
volatile or lighter componeqts. 
U p D W  margin of the reservoir, dissipating heat through the cover, which gradually becomes thinner the further 
the steam flows on. 

The distributions were interpreted by means of a simple 

This model traces an appropriate flow-path for 
The heat loss in the upper part of the reservoir leads to 

In the unexploited state the condensate flows slovtly down a 

The trends are in excellent agreement with the theoretical trends (Figure 6 ,  D'Amore, Truesdell, 
They suggest that the steam coming from one major feeding source in the southeast undergoes 

In other words, the fluid moves from a deeper, high pressure zone along the 
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However, condensation does n o t  appear t o  keep t h e  temperature of t h e  r e s i d u a l  steam a t  constant  values i n  
t h i s  areal cons ide r ing  t h e  temperatures c a l c c l a t e d  a t  well-bottom. The i n i t i a l  values of about 26O'C become 
about 200 C i n  t h e  densely d r i l l e d  zone. 
However, t h e  v a r i a t i o n s  i n  these constants ,  between 260 and 200 c, are o f  no g rea t  s i g n i f i c a n c e  compared t o  
the  u n c e r t a i n t i e s  o f  t he  da ta  used. 

The A-8 f l o w  l i n e  ( f r o m  w e l l  V C / l O  t o  no. 14) was chosen on t h e  bas i s  of t he  p e r m e a b i l i t y  v a r i a t i o n s ,  t h e  
From 

F i g u r e  7 was t rawn  f ro? the  d i s t r i b u t i o n  cons tan ts  a t  230'C. 

h ighes t  p e r m e a b i l i t y  be ing i n  t h e  area w i t h  t h e  s t r u c t u r a l  h i g h  of t h e  r e s e r v o i r  ( C e l a t i  e t  al. .  1975). 
t h e  d i s t r i b u t i o n  o f  t h e  low p e r m e a b i l i t y  w e l l s  (F igu re  1) we o b t a i n  a c o r r i d o r  which was then  chosen as the  
probable main f low-path o f  t h e  steam. 

The mathematical b a s i s  o f  R a l e i g h ' s  condensation process i s  a u i t e  s imple (D'Amore and Truesdel l ,  1979). 
The condensate i n  t h i s  process i s  c o n t i n u a l l y  removed as f a s t  as i t  ap?ears, so t h a t  t h e  r e s i d u a l  steam 
becomes r i c h e r  or poore r  i n  c e r t a i n  chemical and i s o t o p i c  species as t h e  i n i t i a l  mass o f  steam g r a d u a l l y  
decreases. The t h e o r e t i c a l  eaua t ion  t h a t  can be used f o r  each species i s :  

m/mo represents  the  f r a c t i o n  o f  r e s i d u a l  steam, eaual t o  zero f o r  100 p e r  cen t  condensation. C / C o  i s  t h e  
increase or decrease i n  t h e  r e s i d u a l  steam c o n c e n t r a t i o n  of one species w i t h  respec t  t o  t h e  i n i t i a l  va lue 
Co. 
used for 6180: 

K i s  t h e  d i s t r i b u t i o n  cons tan t  between steam and l i a u i d  f o r  each species. The f o l l o w i n g  equat ion was 

where a i s  t h e  f r a c t i o n a t i o n  f a c t o r  between steam and l i a u i d .  

The o v e r a l l  agreement between t h e  observed and c a l c u l a t e d  t rends  show t h a t  Ra le igh  condensation along t h e  
se lec ted  steam f l o w  p a t h  can p robab ly  e x p l a i n  the  t r e n d  o f  C02, H3603, C1 and a180. 
i s  not  shown i n  Figure 7 as i t  i s  n e a r l y  f l a t .  However, i t  should be noted a t  t h i s  p o i n t  t h a t  t h e  "3 
con ten t  o f  t h e  steam i s  s t r o n g l y  dependent on t h e  DH va lue  of t h e  condensate l i a u i d .  W i th  a pH hetween 5.8 
and 5.2, and a temperature between 200' and 250'C about h a l f  o f  t h e  ammonia i s  i n  i o n i c  form (NH4+) and 
remains t rapped i n  t h e  l i q u i d .  The pH of t h e  l i q u i d  fo rm ing  d u r i n g  r e a l  condensation i s  a c t u a l l y  an unknown. 
Ye can o n l y  hypothes ize t h a t ,  i n  a r a p i d  condensation simultaneous w i t h  an i nc rease  i n  CO2 pressure, t h e  pH 
values i n  t h e  condensate hecome so low as t o  camouflage any s i g n i f i c a n t  increase i n  the  !I83 con ten t  o f  t h e  
steam i n  t h e  area n o r t h  o f  Serrazzano. 

The NH3 t r e n d  

Th is  phenomenon w i l l  be s tud ied  l a t e r  i n  g r e a t e r  d e t a i l .  

F i g u r e  8 shows t h e  6180 t r e n d  versus 60 i n  some w e l l s  of t h e  s tudy  area. Ana lys i s  o f  F i g g r e  8 leads us 
t o  d i s t i n g u i s h  between t h e  va r ious  we l l s ;  Group A;including VC/10, i s  c h a r a c t e r i z e d  by p r imary  steam a t  
250-26O'C. 
condensation (non- isothermal) .  
o f  l ess  than 220'C. 

Groups 8 and C, on t h e  o t h e r  hand, probably  c o n t a i n  0- and laO-dopleted f l u i d s  caused by  
The s lope of t h e  l i n e  i n d i c a t e s  t h a t  condensation took p l a c e  a t  temperatures 

we 1 
t h e  

The ext remely p o s i t i v e  6180 values (+IO t o  +12) o f  t h e  r e s e r v o i r  waters taken f rom t h e  nonproduct ive 

p roduc t i ve  w e l l s  of Serrazzano. 
1s i n  t h e  no r the rn  marg in o f  t h e  f i e l d  ( w e l l s  Serra, no. 1 2 )  exclude t h e  p o s s i b i l i t y  o f  t h i s  f l u i d  feed ing  

These waters p robab ly  c o n s i s t  o f  t h e  r e s i d u a l  f l u i d  o f  a 
I f  these waters d i d  c o n t r i b u t e  t o  t h e  steam produced, then 6130 values 

ir! t h e  Serrazzano f i e l d  would be f a r  more p o s i t i v e .  
long b o i l i n g  process w i t h i n  t h e  bore, w i t h  l i t t l e  recharge f rom t h e  r e s e r v o i r  water  because o f  the very low 
l o c a l  P e r m e a b i l i t y  o f  t h e  format ions.  

The f l u i d  f rom Serrazzano Sper imenta le w e l l ,  which l i e s  w i t h i n  t h e  densely  d r i l l e d  area and i s  much deeper 
than t h e  surrounding wel ls ,  has a h ighe r  gaslsteam r a t i o  (24 N l / kg ) ,  more than  800 ppm o f  H3603 and about 
10 ppm o f  HC1. T h i s  con f i rms  t h a t  condensat ion takes p l a c e  a t  t h e  t o p  of t h e  r e s e r v o i r  where t h e  species i n  
aues t i on  reach new e a u i l i b r i a .  

VC/10 (D'Amore, 1975). 
t oge the r  w i t h  t h e  presence of water  i n  t h e  l i a u i d  phase (D'Amore e t  al., 1976). 
formed f rom t h e  same condensat ion phenomenon, fol lowed, a t  d i f f e r e n t  t imes and perhaps even i n  d i f f e r m t  
places, by re-evaporation. 

Temperature e v a l u a t i o n  o f  t h e  area based on gas composi t ion 

concen t ra t i ons  i n  t h e  d r y  gas and on t h e  C02/H20 r a t i o  i n  t h e  f l u i d .  
t h e o r e t i c a l  and e m p i r i c a l  b a s i s  o f  t h i s  geotherqometer w i l l  be g i ven  i n  a separate r e p o r t .  
p r i n c i p l e s  a re  as f o l l o w s :  

The gas i n  t h e  s tudy area i s  u s u a l l y  f a r  more r a d i o a c t i v e  (about  5 t imes d s  much) than i n  t h e  zone o f  w e l l  
H ighe r  r a d i o a c t i v i t y  cou ld  s imp ly  be due t o  s t ronqer  emanating power o f  t h e  rock, 

The l a t t e r  c o u l d  a l s o  have 

A semi-empir ical geothermometer was a p p l i e d  i n  t h e  s tudy  area, based on t h e  H2. H2S and CO2 
A more d e t a i l e d  d e s c r i p t i o n  of t h e  

However, t h e  main 

Concentrat ions o f  H p  and H2S have heen noted t o  va ry  w i t h  respec t  t o  t h e  gas/steam r a t i o  as a 
h y p e r b o l i c  f u n c t i o n  i n  t h e  case o f  w e l l s  w i t h  s i m i l a r  temperature (between 240 and 260'C) and d i f f e r e n t  
t o t a l  gas concen t ra t i ons  i n  t h e  f l u i d .  
va lue when t h e r e  i s  an increase i n  t h e  gaslsteam r a t i o  and corresponding decrease i n  t h e  
(Hz+HzS)/C02 r a t i o .  

The geothermometer keeps t h e  c a l c u l a t e d  temperature a t  a constant  
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If the gaslsteam ratio and the H2 and H2S concentrations decrease simultaneously, the reservoir is in 
the cooling phase (usually because OF dilution with steam from recent meteoric waters). 
geothermometer used is: 

The 

The spatial distribution of the calculated temperatures was used to construct Figure 9, which shows the 
calculated temperature trends. The calculated temperatures in the northern margins of the study area are 
about 30 degrees higher than the values calculated at well-bottom. 
to prevent any rapid re-eouilibration of the reactive species H2 and H2S. 

This suggests that cooling is fast enough 

Further results of the hydrogeological and thermal surveys 

The new te-nperature and water-level data from wells on the northern margin of Serrazzano have led t o  a 
reconstruction of the piezometric surface on this margin and of the temperature trend along a NW-SE 
cross-section of the field. Previous piezometric surfaces have referred only to small areas northwest of 
Serrszzano and Larderello (Celati et al., 1975). Using a few data on the northern part of Serrazzano, an 
attempt made to correlate the various zones produced the trends shown in Figures 10 and 11. Assuming the 
level data as reliable, we note that the piezoaetric surface is characterized by an isolated relative high, 
corresponding with the northern margin of the Sorrazzano productive area. The reservoir in this zone has a 
very low Permeability and temperatures are relatively low. 
the area of the high, we can only presume that the low permeability formations acted as cold harriers and, 
conseauently, as condensation zones for all the nearhy hot areas. These formations are, in Fact, little 
affected by fluid circulation and have remained colder during the formation of the field. 

These hot areas could be represented by the VC/10 zone, in the western part of Larderello, and the 
Lustignano-Canneto zone, west of Lustignano and Serrazzano. This second zone was included as past data and 
recent drilling results have identified it as containing a vapor-dominated system. This hypothesis is backed 
by the decrease in water levels across the zone. 

reservoir, but clearly decrease on the northwestern and southeastern margins. This phenomenon is much 
stronger in the southeastern zone, and the cooling could he attributed to the vicinity of wide absorption 
zones of meteoric waters. On the northwestern margin, on the other hand, where the phenomenon is less marked, 
the cooling could partly be ascribed to a limitid infiltration through the oohiolites and underlying limestone 
flysch; hut the main cause is the low permeability of the reservoir formations which, immediately north of the 
Serrazzano structure, are made up predominantly of phyllites. 

CONCLUSIONS 

There being no evidence of surface infiltration in 

The isotherm in the central part of the section have more o r  less the same treqd as the top of the 

The geochemical study of the northern margin of Serrazzano leads to the following conclusions, 

(1) The qeochemical characteristics, the temperature and present-day pressure distributions, as well as 
the distribution of permeability as inferred from the geographic position of tne nonproductive wells (Figure 
1). all suggest that the main steam source for the northern sector of Serrazzano is an area around VC/lO well 
in which the deep fluids are able to rise (point A in Figure 1). 

(2) The condensation mechanism seems to control the distribution of the geochemical parameters. 

(3) During field exploitation a part of the steam could derive from re-evaporation of condensate that 
accumulated in periods of higher pressure; to a lesser degree, it could even derive from a deep regional water 
circuit o r  from a steam source in layers well below those exploited at present. 
contribution of recect meteoric waters, such as those infiltrating the ophiolitic complex. 

conseauenily, by the lack of efficient fluid circulation. Slight infiltration through a cover complex that is 
not totally impermeahle may have contributed to some extent in cooling the area. In the contact areas betweerl 
these cold zones and the vapor-dominated system there once was, and in some places still is, a continuous 
process of steam condensation. The accumulated condensate still exists even in zones drained by the field, if 
permeability is very low. The piezometric gradients show where drainage is taking place. The gradient on the 
western margin is particularly interesting, as further evidence of the existence of an important area between 
Lustignano and Canneto. A careful study of the in-hole water-levels would be useful whenever the borehole 
encounters relatively cold marginal aquifers in poorly permeable zones. 
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F i g u r e  1. Geographic  o u t l i n e  o f  t h e  s t u d y  a r e a .  The 
upper  p a r t  of t h e  r e c t a n g l e  r e p r e s e n t s  t h e  marg ina l  
a r e a  o f  Se r razzano  f i e l d ,  which i s  d e a l t  w i t h  i n  some 
d e t a i l  i n  t h i s  r e p o r t .  The l i n e  from X t o  3 is t h e  
d i r e c t i o n  t a k e n  by t h e  f l u i d  f low.  

(1) p r o d u c t i v e  w e l l s ;  
( 2 )  

( 3 )  
( 4 )  d e n s e l y  d r i l l e d  a r e a s .  

n o n - p r o d u c t i v e  w e l l s  i n  a r e a s  o f  r e l a t i v e l y  
low t e m p e r a t u r e ;  
n o n - p r o d u c t i v e  w e l l s  due t o  low p e r m e a b i l i t y ;  

F i g u r e  4 .  S p a t i a l  d i s t r i b u t i o n  of t h e  , z I 8 O  c o n t e n t  i n  
t h e  s t eam i n  t h e  marg ina l  zone o f  t h e  a r e a .  

F igure  2 .  S p a t i a l  d i s t r i b u t i o n  of t h e  H3B03 c o n c e n t r a t i o n  
i n  t h e  s t eam (ppm) 

F i g u r e  3 .  S p a t i a l  d i s t r i b u t i o n  o f  t h e  H C 1  c o n t e n t  i n  
t h e  s t e a m  (ppm) 
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F i g u r e  5. S p a t i a l  d i s t r i b u t i o n  o f  t h e  g a s l s t e a m  r a t i o  
e x p r e s s e d  as l i t e r s  of gas  in normal  c o n d i t i o n s  (STP) 
p e r  kg o f  s t e a m ,  i n  t h e  m a r g i n a l  zone  of  t h e  a r e a .  
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F i g u r e  . Trends  of  t h e  g a s / s t e a m  r a t i o  of  H3B03 ,  HCI 
and '$0 a l o n g  t h e  p r o f i l e  A-B ( f rom t h e  s p a t i a l  
d i s t r i b u t i o n s  of  F i r u r e s  2 ,  3 ,  4 ,  and 5 ) .  
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F i g u r e  S o l u t i o n  t o  R a l e i g h  c o n d e n s a t i o n  (1) a t  23OoC 
f o r  "i, CO N H 3 ,  H 3 B 0 3 ,  and H C 1  ( f r o m  D'Amore and 
T r u e s d e l l ,  1 6 7 9 ) .  
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F i g u r e  8 .  Trend o f  l80 v e r s u s  D i n  t h e  steam from some 
w e l l s  i n  t h e  s t u d y  a r e a .  The b l a c k  d o t s  a r e  w e l l  VC/10 
and some o t h e r s  s o u t h  of  S e r r a z z a n o  m a r g i n a l  zone ,  w i t h  
t e m p e r a t u r e s  of  t h e  o r d e r  of 25Oo-26O0C. 



F i g u r e  9 .  S p a t i a l  d i s t r i b u t i o n  o f  t h e  r e s e r v o i r  
t e m p e r a t u r e s ,  c a l c u l a t e d  by t h e  e q u a t i o n  d e s c r i b e d  i n  
t h e  t e x t ,  u s i n g  t h e  r a t i o s  H / C 0 2 ,  H 2 S / C 0 2  and CO /H 0. 
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Figure  10. P i e z o m e t r i c  s u r f a c e  i n  t h e  boundary a r e a s  of 
t h e  L a r d e r e l l o  f i e l d .  E l e v a t i o n  i n  m above s e a  l e v e l .  

(1) p r o d u c t i v e  wel l s  
( 2 )  wel ls  where w a t e r  l e v e l s  have been measured 
( 3 )  d r y  o r  low p r o d u c t i v i t y  w e l l s  
( 4 )  denqe ly  d r i l l e d  a r e a s  
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F i g u r e  11. A g e o l o g i c  and the rma l  CKOSS s e c t i o n  of 
t h e  L a r d e r e l l o  geo the rma l  f i e l d .  
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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 

k 6 O@'arf 

s-12 

1 1 

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  

\ 

r e  

\ 

s e r v o i r -  p r o f i l e s .  

6 \/ 
3 

FIG. 4 / \ / -  

BROADLANDS / qG 06h ' 
\ 

(1 km grid) 
h \ 

B road lands  

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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AN OVERVIEW O F  GEOTHEF3UA.L DEVELOPlENT 

I N  T I W I  AND MAK-BAN, PHILIPPINES 

G. D .  Raasch, P h i l i p p i n e  Geothermal, I n c . ,  P h i l i p p i n e s  

INTRODUCTION 

Commercial-scale geothermal  development i n  the P h i l i p -  
p i n e s  began i n  1 9 7 2  w i t h  t h e  complet ion of  t h e  d i scove ry  
w e l l  i n  t h e  s o u t h e a s t e r n  p o r t i o n  of Luzon I s l a n d .  A second 
geothermal  anomaly w a s  d i scove red  i n  1975 on t h e  s o u t h e r n  
f l a n k  o f  M t .  Maki l ing,  f o r t y  m i l e s  sou th  of  Manila.  Both 
f i e l d s  are b e i n g  developed and o p e r a t e d  by P h i l i p p i n e  Geo- 
the rma l ,  I n c .  ( P G I ) ,  a wholly-owned s u b s i d i a r y  of  Union 
O i l  Company of C a l i f o r n i a .  C u r r e n t l y  t h e  P h i l i p p i n e s  r anks  
second worldwide i n  i n s t a l l e d  geothermal-powered e lec t r ica l  
g e n e r a t i o n  c a p a c i t y  w i t h  443 MW and P G I  h a s  developed 4 4 0  
PW of  t h e  4 4 3  MW coun t ry  t o t a l .  A d d i t i o n a l  g e n e r a t i o n  capa- 
c i t y  i s  planned o r  under c o n s t r u c t i o n  i n  b o t h  f i e l d s .  Over 
1 . 9  b i l l i o n  k i l o w a t t - h o u r s  of e lec t r ica l  p o w e r  have been 
produced t o  d a t e .  This  r e p r e s e n t s  a s a v i n g s  of  approximately 
t h r e e  m i l l i o n  b a r r e l s  of imported f u e l  o i l  f o r  power 
g e n e r a t i o n .  

TIWI FIELD OVERVIEW 

The T i w i  geothermal  f i e l d ,  l o c a t e d  220 m i l e s  s o u t h e a s t  
o f  Manila was d i scove red  i n  1 9 7 2  w i t h  t h e  complet ion and 
t e s t i n g  o f  w e l l  Naglagbong No. 1. Development and explo-  
r a t o r y  w e l l  d r i l l i n g  h a s  confirmed t h a t  a t  l eas t  3225 acres 
a r e  commercially p r o d u c t i v e .  F i g u r e  1 i s  a w e l l  l o c a t i o n  
map showing t h e  c u r r e n t  scale of development. The e a s t e r n  
p o r t i o n  of  t h e  f i e l d  h a s  been we l l -de f ined  by a series of  
d ry  and sub-commercial w e l l s ,  b u t  t h e  l i m i t s  o f  t h e  r e s o u r c e  
on t h e  wes te rn  s i d e  of t h e  f i e l d  have n o t  y e t  been d e t e r -  
mined. A s  o f  December 1, 1980, s ix ty - seven  w e l l s  have been 
d r i l l e d  and t h r e e  are c u r r e n t l y  be ing  d r i l l e d .  F o r t y - t h r e e  
w e l l s  a r e  commercially p roduc t ive .  The twenty-four remain- 
i n g  w e l l s  are non-commercial f o r  d i f f e r e n t  r easons :  
1) n i n e  wells have e x c e s s i v e l y  h igh  we l lbo re  s c a l i n g  ra tes ,  
2 )  s i x  w e l l s  a r e  t o o  c o r r o s i v e  f o r  t h e  carbon s teel  pro- 
d u c t i o n  system, 3 )  f i v e  w e l l s  are d r y  h o l e s  and d e f i n e  t h e  
e a s t e r n  l i m i t s  of  t h e  f i e l d ,  4 )  two w e l l s  w e r e  P and A due 
t o  mechanical problems d u r i n g  comple t ion ,  arId 5)  t w o  w e l l s  
w e r e  d r i l l e d  t o  monitor  p o s s i b l e  seawater encroachment from 
t h e  Lagonoy Gulf .  The average  w e l l  dep th  f o r  a l l  w e l l s  
d r i l l e d  t o  d a t e  i s  5040 f e e t .  The s h a l l o w e s t  commercial 
w e l l  i s  1574 f e e t  and t h e  d e e p e s t  i s  9 0 0 0  f e e t .  
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PRODUCTION SYSTEM 

The T i w i  p roduc t ion  system d i f f e r s  from most h o t  
w a t e r  geothermal  p roduc t ion  systems i n  i t s  use  of s a t e l l i t e  
s t a t i o n s ,  r e g i o n a l  community s e p a r a t o r s  t h a t  c o l l e c t  t h e  
p roduc t ion  from t h r e e  t o  s i x  w e l l s  and s e p a r a t e  t h e  steam 
from t h e  b r i n e  a t  1 4 0  p s i a .  This  t ype  of a p roduc t ion  
system e l i m i n a t e s  t h e  need f o r  long  d i s t a n c e  two-phase 
p i p e l i n e s .  High p r e s s u r e  steam and h igh  p r e s s u r e  b r i n e  
f low from s e v e r a l  s a t e l l i t e  s t a t i o n s  t o  t h e  p l a n t  s t a t i o n  
l o c a t e d  a d j a c e n t  t o  each power p l a n t .  A t  t h e  p l a n t  s ta -  
t i o n  t h e  h igh  p r e s s u r e  steam p a s s e s  through a sc rubbe r  and 
t h e n  t o  t h e  power p l a n t .  The h igh  p r e s s u r e  w a t e r  f lows  t o  
a l o w  p r e s s u r e  s e p a r a t o r  o p e r a t i n g  a t  40  p s i a .  The low 
p r e s s u r e  steam flows from t h e  s e p a r a t o r  through a s team 
s c r u b b e r  t o  t h e  power p l a n t .  The b r i n e  from t h e  low 
p r e s s u r e  s e p a r a t o r  f lows  t o  a l a r g e  c o n c r e t e  d i f f u s e r  where 
it i s  f l a s h e d  t o  t h e  atmosphere.  The r e s i d u a l  b r i n e  f lows  
by c a n a l  t o  t h e  s e a .  A s i m p l i f i e d  flow diagram i s  shown 
i n  F igu re  2 .  

E l e c t r i c a l  power g e n e r a t i o n  i s  accomplished by two 
55 MW dua l -p res su re ,  dual-f low Toshiba t u r b i n e - g e n e r a t o r s  
i n s t a l l e d  i n  each of two power p l a n t s .  The t o t a l  p l a n t  
s team requi rements  a r e  1 , 8 4 0 , 0 0 0  l b s / h r  of 1 1 5  p s i a  s team. 
and 6 5 0 , 0 0 0  l b s / h r  of  35 p s i a  s t e a m  a t  s a t u r a t e d  c o n d i t i o n s .  
An a d d i t i o n a l  power p l a n t  c o n t a i n i n g  two 55 MW dual-f low 
t u r b i n e s  is  c u r r e n t l y  under c o n s t r u c t i o n ,  and should  be 
f u l l y  o p e r a t i o n a l  by t h e  f i r s t  q u a r t e r  of 1 9 8 2 .  

More than  134 b i l l i o n  pounds of  f l u i d  have been pro- 
duced from t h e  T i w i  r e s e r v o i r  as a r e s u l t  of r e s e r v o i r  
t e s t i n g  and e l e c t r i c a l  g e n e r a t i o n .  Over 1.1 b i l l i o n  n e t  
k i lowa t t -hour s  of e l ec t r i ca l  power have been produced i n  
less t h a n  t w o  y e a r s  of commercial o p e r a t i o n .  

RES E RVO I R DE S C R I  PT I ON 

The T i w i  geothermal anomaly i s  p r i m a r i l y  a l i q u i d -  
dominated r e s e r v o i r .  P roduc t ion  is  from a h i g h l y  f r a c t u r e d  
a n d e s i t e .  The e n t i r e  r e g i o n  i s  g e o l o g i c a l l y  ve ry  a c t i v e .  
Numerous seismic e v e n t s  are recorded  each month. The 
dominant f e a t u r e  i n  t h e  w e s t e r n  p o r t i o n  of t h e  f i e l d  i s  
t h e  Malinao volcano.  The ex t remely  rugged topography i n  
t h i s  a r e a  h a s  been a d e t e r e n t  t o  development. Exp lo ra to ry  
d r i l l i n g  h a s  begun t h i s  y e a r  i n  t h i s  area. The e a s t e r n  
p o r t i o n  of t h e  f i e l d  is  very  f l a t  and covered by r ice  f i e l d s .  
I t  is  i n  t h i s  area t h a t  m o s t  o f  t h e  development has  taken  
p l a c e .  

The maximum s t a t i c  we l lbo re  t empera tu re  v a r i e s  from 
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510°F up t o  575OF. The t y p i c a l  produced f l u i d  compo- 
s i t i o n  is: 4500 ppm C1 , 2450 ppm N a + ,  4 7 1  ppm K+, 4 4 0  ppm 
Si02+,  58 ppm C a + + ,  w i th  a n  average  pH of  6 . 0 .  
chemical  s p e c i e s  a r e  less t h a n  50 ppm each .  

A l l  o t h e r  

Each w e l l  i s  f low t e s t e d  f o r  5 t o  2 0  days s h o r t l y  a f t e r  
complet ion.  Upon s h u t - i n  a p r e s s u r e  b u i l d u p  i s  taken .  
Most w e l l s  behave a s  i f  t hey  are v e r t i c a l l y  f r a c t u r e d  i n  
a n  i n f i n i t e  system, w i t h  w e l l b o r e  s t o r a g e .  The permea- 
b i l i t y - t h i c k n e s s  p roduc t  (kh)  f o r  T i w i  w e l l s  r anges  from 
1 0 0 0  md-ft t o  g r e a t e r  t h a n  1 5 0 , 0 0 0  md-ft. The s k i n  v a l u e s  
are g e n e r a l l y  s l i g h t l y  n e g a t i v e  b u t  range  from +40 t o  -10 .  
I n  a d d i t i o n  t o  t h e  i n d i v i d u a l  w e l l  t e s t s ,  t w o  long-term 
p roduc t ion  tests have been conducted.  Both tests have 
confirmed s u f f i c i e n t  r e s e r v e s  f o r  a t  l e a s t  330 megawatts 
f o r  t h i r t y  y e a r s .  I n  a d d i t i o n  t o  t h e  tests,  t h e  reservoir 
p r e s s u r e  response  t o  p roduc t ion  i s  con t inuous ly  monitored.  
F i v e  w e l l s  are o u t f i t t e d  w i t h  n i t rogen-charged  Sperry-Sun 
c a p i l l a r y  tubes. S u r f a c e  p r e s s u r e s  are measured d a i l y  i n  
t h e s e  w e l l s .  Moreover, downhole p r e s s u r e  are monitored 
weekly i n  f o u r  w e l l s  w i t h  Kus te r  p r e s s u r e  bombs. I n  t h i s  
manner, a c o n s t a n t  s u r v e i l l a n c e  i s  k e p t  on t h e  r e s e r v o i r .  

SUblMARY 

The T i w i  anomaly i s  a h igh  t empera tu re  low s a l i n i t y  
r e s o u r c e .  The e x t e n s i v e  r e s e r v o i r  p r e s s u r e  r e sponse  t o  
p roduc t ion  and t h e  comple t ion  o f  67  w e l l s  have d e f i n e d  
a minimum of  3225 acres of  p r o d u c t i v e  r e s e r v o i r .  The 
i n s t a l l e d  e lec t r ica l  g e n e r a t i n g  c a p a c i t y  i s  c u r r e n t l y  
220 megawatts w i t h  an a d d i t i o n a l  1 1 0  megawatts under 
c o n s t r u c t i o n  and scheduled  f o r  commercial o p e r a t i o n  i n  
e a r l y  1982. More t h a n  1.1 m i l l i o n  megawatt-hours of 
e lec t r ica l  power have been  produced i n  less t h a n  t w o  y e a r s  
o f  o p e r a t i o n .  

MAK-BAN FIELD OVERVIEW 

A d e t a i l e d  review of  t h e  Mak-Ban f i e l d  ( a t  t h e  t i m e  
it w a s  c a l l e d  Bu la lo )  w a s  p r e s e n t e d  a t  t h e  Four th  Annual 
S t a n f o r d  Geothermal Workshop by P .  H .  Messer and P .  F. d e  
l a s  A l a s  i n  1978. Th i s  i s  a n  update  of  t h e i r  p r e s e n t a -  
t i o n .  S i x t y - f o u r  w e l l s  have been d r i l l e d  s i n c e  t h e  d i sco -  
ve ry  w e l l ,  B u l a l o  No. 1, w a s  completed i n  1975. F i g u r e  3 
i s  a w e l l  l o c a t i o n  map a l so  showing t h e  power p l a n t  s i tes .  
Four e x p l o r a t o r y  w e l l s  have been d r i l l e d  a t  t h e  Maibarara  
p r o s p e c t  l o c a t e d  approximate ly  t h r e e  m i l e s  nor thwes t  of 
t h e  Mak-Ban f i e l d .  A d d i t i o n a l  d r i l l i n g  i s  c u r r e n t l y  i n  
p r o g r e s s  t o  e v a l u a t e  t h e  e x t e n t  o f  t h e  Maibarara  p r o s p e c t .  
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Of the s i x t y - f o u r  w e l l s  d r i l l e d  a t  Mak-Ban, for ty- two are 
commercially p r o d u c t i v e .  E i g h t  w e l l s  are non-commercial 
f o r  t h e  fo l lowing  r easons :  f o u r  w e l l s  are d r y  holes ,  
three w e l l s  have mechanical  r e s t r i c t i o n s  p r e v e n t i n g  pro- 
d u c t i o n ,  one w e l l  is too c o r r o s i v e  t o  produce. An addi -  
t i o n a l  f o u r t e e n  w e l l s  have been d r i l l e d  as i n j e c t i o n  w e l l s .  
E i g h t  o f  these w e l l s  have been d r i l l e d  on t h e  f i e l d  
p e r i p h e r y  and s i x  w e l l s  are l o c a t e d  a d j a c e n t  t o  producing 
w e l l s .  

PRODUCTION SYSTEM 

The Mak-Ban p roduc t ion  system i s  s i m i l a r  t o  T i w i  i n  
i t s  use  of s a t e l l i t e  s t a t i o n s  w i t h  one s i g n i f i c a n t  d i f f e r -  
ence .  A f t e r  s e p a r a t i o n  i n  Mak-Ban, t h e  h igh  p r e s s u r e  
b r i n e  i s  i n j e c t e d  back i n t o  t h e  r e s e r v o i r .  The h igh  
p r e s s u r e  steam f l o w s  through steam s c r u b b e r s  and on t o  
t he  power p l a n t .  E lec t r ica l  power g e n e r a t i o n  i s  accom- 
p l i s h e d  by f o u r  M i t s u b i s h i  55-megawatt s i n g l e - p r e s s u r e ,  
dual-f low t u r b i n e - g e n e r a t o r s .  A s  of December 1, 1 9 8 0 ,  
77 b i l l i o n  pounds of  geothermal  f l u i d  have been produced 
i n  Mak-Ban. Over 34 b i l l i o n  pounds of b r i n e  have b e e n  
i n j e c t e d  back i n t o  the r e s e r v o i r  w i t h  no observed  n e g a t i v e  
e f f e c t s .  Th i s  l e a v e s  a n e t  withdrawal  f r o m  , t he  Mak-Ban 
r e s e r v o i r  of 4 3  b i l l i o n  pounds. Th i s  n e t  wi thdrawal  
i n c l u d e s  n o t  on ly  the steam r e q u i r e d  f o r  e lec t r ica l  power 
g n e r a t i o n  b u t  a l s o  t h e  e x t e n s i v e  w e l l  t e s t i n g  t h a t  w a s  
performed i n  t h e  y e a r s  p r i o r  t o  commercial s t a r t u p .  A 
t o t a l  of  800 thousand megawatt-hours have been produced 
i n  Mak-Ban. 

MAK-BAN SUMMARY 

Exp lo ra to ry  and development d r i l l i n g  i n  Mak-Ban 
have d e f i n e d  t h e  l i m i t s  o f  t h i s  anomaly. I t  cove r s  2200 
acres and c o n t a i n s  s u f f i c i e n t  r e s e r v e s  f o r  a t  least  2 2 0  
megawatts of e lec t r ica l  g e n e r a t i o n  fo r  t h i f t y  y e a r s .  
A d d i t i o n a l  d r i l l i n g  i n  t h e  Maibrara  area may conf i rm a 
r e s o u r c e  s u f f i c i e n t  f o r  commercial power g e n e r a t i o n .  
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GEOTI-IEilMAL ENERGY RESOURCES CAN ALSO BE TOURIST RESOURCES: 

LESSONS FROM WAIRAKEI AND ROTORUA-JJTIAKAREWAREWA, NEW ZEALAND 

I a n  G. Donaldson? Physics  & Engineering Laboratory,  D . S . I . R . ,  
New Zealand 

INTRODUCTION 

To d a t e  w e  have tended t o  d e d i c a t e  our  geothermal systems t o  a s i n g l e  
use; i . e .  e i t h e r  as an energy source,  as i s  t h e  case w i t h  The Geysers 
f i e l d  i n  C a l i f o r n i a ,  o r  as 2 t o u r i s t  reserve, as wi th  Yellowstone 
Nat iona l  Park.  With increased  energy demand on a l o c a l  scale  w e  may 
wish t o  extract some energy i n  some areas b u t  a t  t h e  same t i m e  r e t a i n  
t h e  t o u r i s t  a t t r a c t i o n s  t h a t  t h e s e  areas have. This i s  a l ready  t h e  
case i n  t h e  Whakarewarewa-Rotorua area i n  New Zealand. The q u e s t i o n s  
c u r r e n t l y  being asked of us wi th  regard t o  t h a t  area are:  

"Is such combined use poss ib le?"  
"How much energy w i l l  be  a v a i l a b l e  ( o r  what are t h e  energy c o s t s  

of t h e  r e t e n t i o n  o f  t h e  t o u r i s t  f e a t u r e s ) ? "  and 

leve ls  of energy e x t r a c t i o n ? "  
What are t h e  c o s t s  i n  terms o f  t h e  t o u r i s t  f e a t u r e s  of v a r i o u s  1 1  

A s  t h e s e  q u e s t i o n s  are almost c e r t a i n  t o  be asked elsewhere i n  t h e  
f u t u r e  i t  i s  r e l e v a n t  t o  in t roduce  and d i s c u s s  them here.  I n  t h i s  
a t tempt  a t  some answers, I w i l l  look f i r s t  a t  our  experience i n  t h e  
Wairakei,  New Zealand, area and then  d i s c u s s  t h e  Whakarewarewa- 
Xotorua case. 

WAIRAKEI. NEW ZEALAND 

A genera l  map of Wairakei,  showing l o c a t i o n s  of e a r l y  d r i l l h o l e s  and 
t h e  hydrothermal areas as they were p r i o r  t o  e x p l o i t a t i o n ,  is  shown i n  
Fig. 1. This  d r i l l i n g  commenced i n  1950 and t h e  w e l l s  i l l u s t r a t e d  
are those  t h a t  w e r e  d r i l l e d  by t h e  end of 1556. 18 of t h e s e  w e l l s  
w e r e  d ischarged befo e t h e  end of 1954, t h e  t o t a l  d i scharge  by t h a t  
t i m e  being 12.5 x 10  
over  a two-year per iod) .  By 1968 t h e r e  were 125 w e l l s  d r i l l e d  i n t o  
t h e  Wairakei r e s e r v o i r .  a t  
t h e  end of 1964. 

Before product ion commenced t h e r e  w e r e  several areas of n a t u r a l  
a c t i v i t y  i n  and around Wairakei. 
t h e  water-based f e a t u r e s  of Geyser Valley ( t o  t h e  no r th )  and t h e  
steam-based f e a t u r e s  of Waiora Valley ( t o  t h e  west)  and R a r a p i t i  ( t o  
t h e  s o u t h ) .  There w a s  a l s o  a c t i v i t y  i n  and around Taupo, b u t  t h i s ,  
being some d i s t a n c e  from Wairakei,  w a s  n o t  thought t o  be connected 
wi th  t h e  b o r e f i e l d  a t  t h a t  t i m e ,  

-1 5 kg of f l u i d  ( a  mean d ischarge  of about 200 kg s 

The d ischarge  peaked a t  about 2500 kg s- 

The most prominent of t h e s e  were 

*Manager, Stanford Geothermal Program, 1980/81. 
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FIG. 1: GENERAL MAP OF WAIRAJCEI, SHOWING LOCATIONS OF DRILLHOLES AND 
HYDROTHERMAL AREAS (S tudt ,  1957) 

E f f e c t s  - ~ -  -o f  E x p l o i t a t i o n  

A s  e a r l y  as 1954 t h e  a c t i v i t y  i n  Geyser Valley w a s  showing s i g n s  of 
d e t e r i o r a t i o n  due t o  t h e  withdrawals from t h e  Wairakei r e s e r v o i r ,  even 
though t h e s e  withdrawal w e r e  only on t h e  hrder  of h a l f  t h e  n a t u r a l  
d i scharge  (c. 400 kg s >. The o v e r a l l  d e t e r i o r a t i o n  of t h e  f e a t u r e s  
i n  t h i s  area w a s  q u i t e  f a s t ,  al though t h e  t o u r i s t  r e se rve  w a s  n o t  
f i n a l l y  c losed  u n t i l  1972. 

I n  c o n t r a s t ,  t h e  steam-based s e c t i o n s  showed no such e a r l y  decay. 
Grindley (1974) suggested,  i n  f a c t ,  t h a t  t h e  t o t a l  n a t u r a l  hea t  flow 
had inc reased  from about 450 t o  about 750 megawatts over t h e  f i r s t  20 
o r  s o  y e a r s  of l i f e t i m e  of t h e  e x p l o i t e d  f i e l d .  
t h e  water-based f e a t u r e s ,  t h i s  would r e q u i r e  an i n c r e a s e  i n  t h e  steam 
hea t ing .  
of t h e s e  f e a t u r e s  and zones of a c t i v i t y .  

Although t h e  a c t i v i t y  w i t h i n  and around Taupo showed a slower response,  
t h a t  response has been s i m i l a r  t o  t h a t  f o r  similar f e a t u r e s  known t o  
be d i r e c t l y  l i nked  wi th  t h e  Wairakei r e s e r v o i r .  Steam-heated f e a t u r e s  
i n  Taupo, f o r  example, appeared t o  i n c r e a s e  i n  both s i z e  and i n t e n s i t y  
i n  t h e  ea r ly -  t o  mid-1970's. 

-9 

With t h e  decay of 

S ince  Gr indley ' s  r e p o r t  t h e r e  has  been a marked dying o f f  
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Lessons from t h e  Wairakei ExDerience 

This Wairakei d i scuss ion  un fo r tuna te ly  leaves a l o t  of ques t ions  
unanswered. Wairakei i s ,  f o r  example, s t i l l  exp lo i t ed  heav i ly ,  a t  
about 3-4 t i m e s  t h e  n a t u r a l  d i scharge  rate, and hence w e  have no d i r e c t  
measure of t h e  l i k e l y  e f f e c t s  of lower rates of e x p l o i t a t i o n .  
t h e l e s s ,  t h e  e a r l y  e f f e c t  on Geyser Valley does sugges t  t h a t  w e  must 
t a k e  care. 

Wairakei i s  a l s o  exp lo i t ed  much more deeply than w e  may need t o  e x p l o i t  
f o r  l o c a l  use. This could be e i t h e r  a ga in  o r  a l o s s  as f a r  as t h e  
t o u r i s t  f e a t u r e s  are concerned. We are a l s o  con t inua l ly  removing mass 
from t h e  r e s e r v o i r ,  s o  t h a t  w e  are r e s t r i c t i n g  t h e  a v a i l a b i l i t y  of 
l i q u i d  water and making no e f f o r t  t o  main ta in  p re s su re .  

F i n a l l y ,  i n  s p i t e  of our observa t ions  of t h e  f e a t u r e s  i n  Geyser Val ley ,  
w e  s t i l l  have l i t t l e  knowledge of t h e i r  s e n s i t i v i t y  t o  drawdown and 
w a t e r  supply. 

Nonetheless,  t h e  e f f e c t s  are much as w e  might expec t  from an a n a l y s i s  
of f l u i d  removal from a liquid-dominated geothermal r e s e r v o i r .  
Removal of m a s s  ( f l u i d )  from t h e  r e s e r v o i r  r e s u l t s  i n  a l o c a l  drop i n  
p re s su re .  This may ac t  t o  reduce t h e  flow t o  t h e  su r face .  This 
p re s su re  drop w i l l ,  however, a l s o  induce a d d i t i o n a l  b o i l i n g  and t h i s ,  
i n  t u r n ,  can modify r e l a t i v e  pe rmeab i l i t y  f a c t o r s  and hence a f f e c t  t h e  
flow s t i l l  f u r t h e r .  For t h e  water phase i t  i s  t h e  change i n  v e r t i c a l  
p r e s s u r e  g r a d i e n t  t h a t  i s  c r i t i c a l .  Th i s  v e r t i c a l  p re s su re  g r a d i e n t  
i s  u s u a l l y  only  s l i g h t l y  above h y d r o s t a t i c  f o r  t h e  f l u i d  temperatures 
involved. A s m a l l  change may thus  have a s i g n i f i c a n t  e f f e c t .  The 
p r e s s u r e  change and t h e  decrease  i n  r e l a t i v e  pe rmeab i l i t y  w i l l  thus  
act  con junc t ive ly  t o  markedly decrease  t h e  water d ischarge .  

For steam t h e  p r e s s u r e  e f f e c t  i s  r e l a t i v e l y  i n s i g n i f i c a n t  and t h e  
g r e a t e r  r e l a t i v e  pe rmeab i l i t y  may w e l l  act  t o  i n c r e a s e  t h e  flow. 
Ul t imate ly ,  w i th  s i g n i f i c a n t  drawdown and l i t t l e  a d d i t i o n a l  b o i l i n g ,  
t h i s  ba lance  may no longer  be maintained. 
down. 

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  i n  s p i t e  of t h e  demise  of the n a t u r a l  
t o u r i s t  f e a t u r e s  i n  t n e  area, Wairakei has  maintained i t s  t o u r i s t  
image. The development i t s e l f  i s  s t i l l  s u f f i c i e n t l y  unique t o  a t t r a c t  
t h e  i n t e r e s t .  It is ,  however, most u n l i k e l y  t h a t  t h i s  state of  
a f f a i r s  would apply in any f u t u r e  New Zealand s i t u a t i o n .  

None- 

The d ischarge  w i l l  then go 

WHAKAREIJAREWA-ROTORUA. NEW ZEALAND 

The Whakarewarewa thermal area i s  New Zealand's primary geothermal 
t o u r i s t  r e s e r v e  and obviously t h e r e  i s  a l o t  of p re s su re  t o  maintain 
t h i s  s t a t u s .  The immediately ad jacen t  c i t y ,  Rotorua, however, e x t r a c t s  
h e a t  from a shallow ho t  water a q u i f e r  t h a t  i s  now known t o  be connected 
t o  t h e  Whalcarewarewa system and some energy i s  a l s o  e x t r a c t e d  from t h e  
system i t s e l f ,  j u s t  o u t s i d e  t h e  r e se rve  boundaries.  A s ,  wi th  t i m e ,  t h e  
evidence of i n t e r a c t i o n  between t h e  withdrawals and t h e  t o u r i s t  f e a t u r e s  
i s  i n c r e a s i n g ,  t h e r e  i s  an a s s o c i a t e d  i n c r e a s e  i n  demand f o r  c o n t r o l  of 
t h e  e x p l o i t a t i o n  and t h e  p r o t e c t i o n  of t h e  Whakarewarewa f i e l d .  
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Descr ip t ion  o f  t h e  System 

Although t h e  d a t a  are l i m i t e d ,  t h e  a n a l y s e s  and tests t h a t  have been 
c a r r i e d  o u t  have l e d  t o  a model of t h e  combined system t h a t  appears  
bo th  c o n s i s t e n t  and meaningful (Donaldson, 1980; Grant & Donaldson, 
1980). This model of t h e  system i s  i l l u s t r a t e d  i n  Fig. 2.  I n  t h i s  
model t h e  Whakarewarewa f e a t u r e s  are t h e  main water-based d ischarge  
f e a t u r e s  f o r  t h e  r e s e r v o i r .  J u s t  t o  t h e  n o r t h  of t h e s e  w e  have some 
steam-heated f e a t u r e s ,  whi le  f u r t h e r  t o  t h e  n o r t h  w e  have a mixed 
geothermal f luid/groundwater  flow o u t  through a h o r i z o n t a l  a q u i f e r ,  
o r  series of f low channels.  This  is t h e  h o t  water flow t h a t  i s  
tapped by most of t h e  Rotorua wells. To t h e  n o r t h e a s t ,  and n o t  
i l l u s t r a t e d  i n  t h i s  N-S s e c t i o n ,  w e  appear t o  have o t h e r  f r a c t u r e  
zones o r  flow pa ths  running o u t  from t h e  main geothermal r e s e r v o i r .  
When tapped, t h e s e  g i v e h o t t e r ,  h igher  p r e s s u r e  f l u i d  than i s  found i n  
t h e  h o t  water a q u i f e r .  Th i s ,  coupled wi th  t h e i r  high d ischarge  
c h a r a c t e r i s t i c s ,  s u g g e s t s  some d i r e c t  connection wi th  e i t n e r  t h e  
deeper water  o r  t h e  two-phase zone a d j a c e n t  t o  Whakarewarewa. I n  
e i t h e r  case t h e s e  flow channels may be  considered simply as an  
ex tens ion  of t h a t  two-phase r e s e r v o i r .  

E f f e c t s  A t t r i b u t e d  t o  t h e  Withdrawals t o  Date 

The major e f f e c t s  of t h e  withdrawal of h e a t  and f l u i d  from t h i s  system 
t h a t  w e  need t o  cons ider  are t h e  changes t h a t  have taken p l a c e  i n  t h e  
Whakarewarewa s u r f a c e  d ischarge  f e a t u r e s  and t h e  changes t h a t  w e  can 
i d e n t i f y  i n  t h e  r e s e r v o i r  i t s e l f .  Although t h e r e  has  been a marked 
decay i n  s u r f a c e  a c t i v i t y  w i t h i n  t h e  Rotorua Ci ty  area, a t  t h e  moment 
t h i s  i s  being taken as an  acceptab le  c o s t  of e x p l o i t a t i o n .  We t h u s  
do n o t  cons ider  t h i s  d i r e c t l y  he re .  

Changes w i t h i n  t h e  boundaries o f  t h e  hrnakarewarewa Thermal Reserve 
have been occurr ing  throughout t h e  l i f e t i m e  of t h e  system. Hence 
w e  must expect  some n a t u r a l  modi f ica t ion  of some f e a t u r e s .  Several 
r e c e n t  changes have, however, occurred dur ing  p a r t i c u l a r l y  n igh  
r a i n f a l l  (and high groundwater) periods--the h i g h e s t  t h i s  cen tu ry ,  
and hence i t  i s  d i f f i c u l t  t o  a s s o c i a t e  t h e s e  wi th  t h e  main n a t u r a l  
cause,  a slow drop i n  t h e  o v e r a l l  groundwater level.  

The main changes t h a t  have occurred,  bo th  h i s t o r i c a l l y  and r e c e n t l y ,  
have been t h e  reduct ion  of ou t f low from h o t  s p r i n g s  and t h e  c e s s a t i o n  
of a c t i v i t y  of v a r i o u s  geysers .  Most of t h e s e  changes have been 
d iscussed  i n  some d e t a i l  by Lloyd (1975). Of p a r t i c u l a r  i n t e r e s t  i s  
t h e  more r e c e n t  c e s s a t i o n  of a c t i v i t y  of Papakura Geyser. This  
geyser  h a s  only  been recorded a t  s topping  once b e f o r e ,  f o r  3 months 
i n  1924, a t  t h e  end of t h e  d r i e s t  per iod  (and lowest  groundwater 
l e v e l s )  t h i s  century.  The r e c e n t  c e s s a t i o n  of Papakura Geyser w a s  
monitored and s t u d i e d  by Grant & Lloyd (1980) and a b r i e f  r e t u r n  t o  
a c t i v i t y  a f t e r  an  i n i t i a l  c e s s a t i o n  has  been a t t r i b u t e d  by them t o  a 
1 0  m i l l i b a r  change i n  a tmospheric 'pressure.  This  shows t h e  . 
s e n s i t i v i t y  of such f e a t u r e s  n e a r  t h e i r  c r i t i c a l  p o i n t .  The water 
level  i n  t h i s  geyser  i s  now down more than  a metre from i t s  pre- 
dormant level .  
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The most important  change i n  t h e  r e s e r v o i r  i t s e l f  i s  t h e  marked 
p r e s s u r e  drop, es t imated  by Donaldson (1980) a t  about 0.5 b a r ,  over  
t h e  p e r i o d  1955-75. This  drop appears t o  be  r e l a t i v e l y  uniform 
throughout t h e  h o t  water s e c t i o n  of t h e  r e s e r v o i r .  A s  t h e r e  are no 
h i s t o r i c  d a t a  a v a i l a b l e  f o r  t h e  Whakarewarewa area,  wecannot g e t  a 
d i r e c t  measure o f  t h e  drawdown t h e r e .  It is u n l i k e l y  t h a t  i n  t h e  
s e c t i o n  of r e s e r v o i r  underlying t h e  t o u r i s t  f e a t u r e s  t h e  drawdown 
would be  less than  h a l f  t h e  h o t  water zone f i g u r e .  The drawdown, 
which might be t r a n s l a t e d  as 2.5-5 metres of w a t e r  head, must 
t h e r e f o r e  be  considered " s i g n i f i c a n t . "  
p r o t e c t i o n  of t h e  t o u r i s t  f e a t u r e s  i t  would obviously be p r e f e r a b l e  
f o r  i t  n o t  t o  be  increased.  To a l low f o r  f u l l  maintenance o f  t h e  
p r e s e n t  f e a t u r e s  dur ing  f u t u r e  dry  p e r i o d s ,  i t  may, i n  f a c t ,  need t o  
be  decreased. 

For management and 

Cont ro l l ing  t h e  Pressure  -___ Drawdown 
I 

I f  w e  assume t h a t  w e  must reduce t h e  p r e s s u r e  drawdown, w e  have 
t h r e e  p o t e n t i a l  management a l t e r n a t i v e s  a v a i l a b l e :  

(1) 

( 2 )  

(3) we may resite t h e  withdrawal and i n j e c t i o n  w e l l s .  

A s  t h e  f i r s t  of t h e s e  i s  l i k e l y  t o  be both  s o c i a l l y  and p o l i t i c a l l y  
unacceptable  i t  i s  c u r r e n t l y  being considered t h e  approach of l a s t  
r e s o r t .  Nonetheless,  more care and e f f i c i e n c y  i n  usage o f  t h e  
energy could be a b i g  gain.  

I n  cons ider ing  r e i n j e c t i o n  we must t r ea t  t h e  two s e c t i o n s  of t h e  
r e s e r v o i r  independently.  Within t h e  water s e c t i o n  of t h e  r e s e r v o i r  
e i t h e r  withdrawal of h e a t  a lone  o r  t o t a l  r e i n j e c t i o n  of t h e  e x t r a c t e d  
water should maintain t h e  a q u i f e r  pressures .  Curren t ly  such 
r e i n j e c t i o n  is  w r i t t e n  i n t o  t h e  permits .  The genera l  drawdown, 
which could only  be e s t a b l i s h e d  by some d i s t r i b u t e d  withdrawal of 
f l u i d  from t h i s  s e c t i o n ,  sugges ts ,  however, t h a t  t h i s  r e i n j e c t e d  
water is  n o t  a l l  g e t t i n g  back t o  t h e  a q u i f e r  from which i t  w a s  taken. 
It appears  t h a t  g r e a t e r  care may be necessary i n  t h e  f u t u r e .  

When we  come t o  t h e  two-phase s e c t i o n  of t h e  r e s e r v o i r  t h e  p i c t u r e  
i s  somewhat d i f f e r e n t .  Here, withdrawal of e i t h e r  f l u i d  o r  h e a t  
w i l l  i n s t i g a t e  a p r e s s u r e  drop. Rein jec t ion  of t h e  cool  f l u i d  w i l l ,  
i n  most cases, i n c r e a s e  t h e  p r e s s u r e  drop r a t h e r  than reduce i t  
(Grant,  1980). 
t hus  no withdrawal o r  some p r e s s u r e  drawdown. 

By j u g g l i n g  wi th  t h e  s i t i n g  of withdrawal and i n j e c t i o n  w e l l s  w e  bo th  
i n c r e a s e  our  o p t i o n s  and complicate  t h e  problem. The a l t e r n a t i v e s  
w i l l  depend p r i m a r i l y  on our o v e r a l l  approach. Xe might f o r  example 
dec ide  on some c o n t r o l l e d  drawdown of t h e  system t o  s t i m u l a t e  more 
h e a t  and f l u i d  flow i n t o  t h e  h o t  water zone, W e  would then  need t o  
ba lance  our withdrawal and r e i n j e c t i o n  t o  achieve t h e  s ta te  des i r ed .  
A l t e r n a t i v e l y ,  w e  may wish t o  mine some of t h e  s t o r e d  h e a t  from one 
area. The s i t i n g  and o p e r a t i o n  of t h e  w e l l s  i n  t h a t  area would then  
depend on t h i s  new requirement.  

w e  may reduce t h e  ra te  of withdrawal and res t r ic t  any 
f u t u r e  exp an s i o n  ; 
w e  may r e i n j e c t  a l l  t h e  e x t r a c t e d  f l u i d  o r  e x t r a c t  h e a t  
a lone ;  o r  

The o p t i o n s  f o r  t h i s  s e c t i o n  of t h e  r e s e r v o i r  are 
- 
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Within t h e  h o t  water zone t h e r e  is l i t t l e  problem foreseen  un le s s  w e  
approach an over-production s i t u a t i o n .  That i s  something t h a t  w e  
w i l l  have t o  work t o  prevent .  I n  t h e  two-phase areas w e  do, however, 
have problems. 
a b l e  t o  be used wi thout  some drawdown propagat ing  through t o  t h e  
f e a t u r e  zone. Thus he re  w e  have l i t t l e  op t ion  but  t o  accept  r e s i t i n g  
o r  some drawdown. 

here no w e l l  i s  l i k e l y  t o  be  " f a r  enough away" t o  be 

Heat Con s i d e  r a t ion  s - 

T o t a l  c o n t r o l  of t h e  drawdown, a t  any s p e c i f i c  level ,  must r e s u l t  i n  
t h e  l i m i t a t i o n  of t h e  hea t  withdrawal. I f ,  f o r  example, w e  permit 
no drawdown, i . e .  i n s i s t  t h a t  t h e  f i e l d  be r e tu rned  as c l o s e l y  as 
p o s s i b l e t o i t s  o r i g i n a l  p r e s s u r e  cond i t ion ,  w e  can p e r m i t  no with- 
drawal a t  a l l  from t h e  two-phase areas, and only a l i m i t e d  amount 
from t h e  ho t  water zone. This l a t t e r  would be c o n t r o l l e d  by t h e  
amount of h e a t  n a t u r a l l y  e n t e r i n g  t h a t  zone, t h e  r e c o v e r a b i l i t y  f a c t o r  
of t h e  system (which could depend on t h e  w e l l  l ayou t  and e x t r a c t i o n  
rates as w e l l  as t h e  s t r u c t u r a l  composition of t h e  withdrawal and 
i n j e c t i o n  zones) ,  and such management d e c i s i o n s  as whether t o  mine 
some of t h e  s t o r e d  hea t  o r  no t .  

I f ,  a l t e r n a t i v e l y ,  some drawdown w e r e  pe rmi t t ed ,  t h e r e  may be 
d i f f e r e n t  bu t  s t i l l  l i m i t e d  amounts of hea t  a v a i l a b l e  depending on 
whether w e  induce t h a t  drawdown by withdrawals from t h e  hot  water 
zone o r  some s e c t i o n  of t h e  two-phase one. 

P r o t e c t i n g  t h e  T o u r i s t  Fea tu res  

C lea r ly  t h e  g r e a t e r  t h e  drawdown t h e  g r e a t e r  t h e  r i s k  f o r  t h e  t o u r i s t  
f e a t u r e s .  Thus t h e  drawdown l i m i t  i n  t h e  f e a t u r e  zone i s  t h e  
" c r i t i c a l "  parameter of t h i s  exercise. 

A t  t h e  two extremes are t h e  argument t h a t  t h e  c u r r e n t  drawdown i s  
a s a t i s f a c t o r y  l i m i t  and t h e  counter-argument t h a t  t h e r e  should be 
no drawdown a t  a l l .  The former of t h e s e  i s  presumably based on t h e  
assumption t h a t  i f  w e  don ' t  change anyth ing  w e  won't do any more 
damage. This ,  however, does n o t  t ake  n a t u r a l  e f f e c t s  i n t o  account,  
and u n f o r t u n a t e l y ,  w e  have l i t t l e  o r  no i d e a  of j u s t  how much a long 
d ry  s p e l l  may c o n t r i b u t e  i n  t h e  f u t u r e .  

The argument f o r  t h e  r e t u r n  t o  t h e  p re -exp lo i t a t ion  cond i t ion  i s  
presumably based t o  some e x t e n t  on t h e  i d e a  t h a t  such a r e t u r n  w i l l  
r e s u l t  i n  t h e  re-awakening of f e a t u r e s  t h a t  have become dormant over  
more r e c e n t  yea r s .  Unfor tuna te ly ,  even t h e  f u l l  recovery of p r e s s u r e s  
may be of l i t t l e  b e n e f i t  t o  some such f e a t u r e s .  
coo l ing ,  e ros ion  and depos i t i on  of s i l i c a ,  e t c .  from t h e  coo le r  water 
means t h a t  some f e a t u r e s  may never recover  and o t h e r s  may need much 
g r e a t e r  p r e s s u r e s  than those  t h a t  e x i s t e d  30 y e a r s  ago t o  restart. 
W e  no te ,  f o r  example, t h a t  t h e  w a t e r  i n  Yapakura Geyser has  dropped 
about 1 m e t r e  i n  l e v e l  i n  a y e a r  s i n c e  i t  became dormant. 
been no s i m i l a r  drop i n  p r e s s u r e s  i n  t h e  r e s e r v o i r  w i t h  which w e  can 
r e l a t e  t h a t  decay. 

Hopefully,  t h e r e  w i l l  be a ba lance  a t  which w e  should a i m .  More and 
b e t t e r  d a t a  w i l l ,  however, be needed be fo re  w e  can even guess where. 

RevePsed flows, 

There has  
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CCNCLUS I ONS 

To t h e  "tourist-environmentalist ; '  N e w  Zealand's excurs ions  i n t o  
geothermal energy e x t r a c t i o n  a t  Xa i rake i  and Rotorua may appear t o  be 
d i s a s t e r s .  We have, however, l e a r n e d a l o t  from our  exper iences  and, 
wh i l e  w e  must now recognise  Wairakei as an a l t e r n a t i v e  man-made 
f e a t u r e  t o  t h e  n a t u r a l  ones t h a t  e x i s t e d  p r i o r  t o  e x p l o i t a t i o n ,  w e  
f e e l  t h a t  t h e r e  i s  s t i l l  t i m e  t o  p r o t e c t  Whakarewarewa and t h a t  i t  is  
t e c h n i c a l l y  p o s s i b l e  t o  do so.  Our c u r r e n t  t h e o r e t i c a l  c o n s i d e r a t i o n s  
i n d i c a t e  t h a t ,  w i t h  ca re  and good management, u t i l i s a t i o n  of geothermal 
energy from t h i s  f i e l d  should be compatible wi th  t h e  r e t e n t i o n  of t h e  
s u r f a c e  thermal f e a t u r e s  i n  t h e  t o u r i s t  r e se rve .  

L i m i t s  of withdrawal w i l l  depend on t h e  l i m i t s  on drawdown t h a t  can be  
t o l e r a t e d  by t h e s e  f e a t u r e s  and on t h e  l o c a t i o n  of t h e  withdrawal and 
r e i n j e c t i o n .  For t h e  Rotorua-Whakarewarewa system, under t h e  
t i g h t e s t  r e s t r a i n t s  and t h e  most conserva t ive  assumptions, i t  has  been 
es t imated  t h a t  w e  could s t i l l  e x t r a c t  about 1 3  megawatts of h e a t  energy 
(above 20 C )  on a continuous b a s i s  (us ing  a recovery f a c t o r  of 50%). 
Hopefully,  w i th  t h e  opt imal  management p lan  w e  w i l l  be a b l e  t o  e x t r a c t  
s e v e r a l  t i m e s  t h a t  f i g u r e .  

0 
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PRODUCTION CHARACTERISTICS OF WELLS TAPPING 

TWO PHASE RESERVOIRS AT KRAFLA AND NAMAFJALL 

Valgardur S te f snsso r  and Benedikt Steingrimsson 

Orkustofnun, Grensssv. 9, 108 Rvk , I ce l and  

INTRODUCTION 

Geothermal f i e l d s  have been c l a s s i f i e d  i n  s e v e r a l  d i f f e r e n t  ways, covering 

geo log ica l ,  chemical and phys ica l  a spec t s .  The most common d i s t i n c t i o n  i s  

t o  r e f e r  t o  the  p h y s i c a l  s ta te  of t he  f l u i d  i n  geothermal systems. This  i s  

t h e  d i v i s i o n  i n t o  vapor dominated and l i q u i d  dominated f i e l d s .  I n  r e c e n t  

yea r s  , two phase r e s e r v o i r s  have been found i n  numerous h igh  temperature  

geothermal f i e l d s  ( G r a n t  1977, Bjornsson 1978, StefAnsson 1980, Whittome 

and Smith 1979).  Some c h a r a c t e r i s t i c s  of  two phase geothermal systems a r e  

markedly d i f f e r e n t  from those i n  s i n g l e  phase systems (vapor  o r  l i q u i d )  

and c l a s s i f i c a t i o n  i n t o  t h r e e  groups seems t o  be j u s t i f i e d .  Table I shows 

some o f  t h e  p r o p e r t i e s  a s s o c i a t e d  wi th  each of  t h e  t h r e e  groups.  

TABLE I C l a s s i f i c a t i o n  o f  geothermal systems 
-- 

? , 
I 3 I 

I Liquid . Boi l ing  Vapor I I 
I 
I 1 I 

I 

, 
, 1 Dominated . (two phase) I Dominated 

1 
I I i > d p >  
g r a d i e n t  1 dz P, L - g I o 1 - 9  - dz - P v -  9 dz I Pressure  

i 1 I I 

I 
I I 

I i 

i T ( z )  independent T (z) depends on T (z) independent I 
o f  P * P  I o f  P I 

! 

: f l u i d  Water (gas)  Water,vapor,gas Vapor, gas  I 

I I I d 

I 
-I 

I I 
T 2 T  

S 
T I T  T = T  s s Temperature 

I 1 

S t a t e  o f  I i 

p1 : d e n s i t y  o f  l i q u i d  water TS : S a t u r a t i o n  temperature  

II g : Constant  of  g r a v i t y  
" vapor pv : 



I n  gene ra l ,  t h e  p re s su re  g r a d i e n t  has  been used t o  d i s t i n g u i s h  between 

vapor and l iqu id  dominated systems. Bo i l ing  systems may have p res su re  

g r a d i e n t s  somewhere between t h e s e  two extremes. However, b o i l i n g  systems 

desc r ibed  so f a r  i n  t h e  l i t e r a t u r e  seem t o  have undis turbed p res su re  

g r a d i e n t s  c l o s e  t o  h y d r o s t a t i c .  

I n  t h i s  work w e  w i l l  de sc r ibe  some t y p i c a l  product ion  c h a r a c t e r i s t i c s  of  

w e l l s  t apping  t h e  b o i l i n g  r e s e r v o i r s  i n  t h e  Kra f l a  and the  NAmafjall 

f i e l d  i n  Ice land .  The c h a r a c t e r i s t i c s  s e l e c t e d  are meant t o  show some 

of  t h e  d i f f e r e n c e s  between b o i l i n g  r e s e r v o i r s  and s i n g l e  phase systems. 

F i e l d  c h a r a c t e r i s t i c s  

General d e s c r i p t i o n  o f  t h e  Kra f l a  geothermal f i e l d  has  been given by 

S t e f h s s o n  (1980).  The geothermal system has  been found t o  be complex, 

c o n s i s t i n g  of two zones. A shal low l i q u i d  dominated zone wi th  temperature 

of approximately 2 1 0 ' C  whereas t h e  deeper  zone i s  a two phase system wi th  

temperatures  ranging from 3 0 0 ° C  a t  t h e  top  a t  1000 m depth t o  3 4 0 ' C  a t  

about  2000 m depth.  The main f e a t u r e s  o f  t h e  geothermal system are shown 

i n  Fig.  1. 

The NAmafjall f i e l d  has  u n t i l  r e c e n t l y  been considered as a l i q u i d  

dominated system (see Arn6rsson 19781. Recent  d r i l l i n g  some hundreds of 

m e t e r s  eas t  o f  t h e  o l d e r  d r i l l  s i t e s  has  r evea led  t h a t  a t  l eas t  t h a t  p a r t  

o f  t h e  f i e l d  is b o i l i n g .  

Reevaluat ion o f  t h e  Ndmafjall  f i e l d  i s  now be ing  c a r r i e d  o u t ,  and t h e  

p r e s e n t  d a t a  i n d i c a t e s  t h a t  t h e  temperatures  and t h e  p re s su res  of a l l  

a q u i f e r s  below 1000 m depth l i e  on t h e  s a t u r a t i o n  curve.  S i m i l a r  con- 

d i t i o n s  are found i n  the lower zone o f  t h e  Kra f l a  system as  i s  shown on 

Fig.  2.  

P roDe r t i e  s o f  w e  1 Is 

a) The  f i r s t  s i g n s  of a b o i l i n g  r e s e r v o i r  can be found dur ing  t h e  warming- 

up p e r i o d  o f  t h e  w e l l  a f t e r  d r i l l i n g .  Bo i l ing  a q u i f e r s  recover  usua l ly  

f a s t e r  than  o t h e r  p a r t s  of t h e  w e l l  and b o i l i n g  beg ins  a t  t h e  a q u i f e r s  

i n  t h e  w e l l .  Th i s  b o i l i n g  w i l l  i n i t i a t e  a convect ion i n  t h e  w e l l  and 
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h e a t  t he  column above the  b o i l i n g  a q u i f e r  u n t i l  t h e  temperature aligns 

t o  t he  b o i l i n g  p o i n t  curve.  

b) A b o i l i n g  convect ion i n  a wel l  i n c r e a s e s  t h e  r a t e  a t  which t h e  water  

l e v e l  r i s e s  u n t i l  equi l ibr ium i s  reached. A record of t h e  depth of t h e  

water  l e v e l  w i l l  t h e r e f o r e  show when b o i l i n g  s tar ts  i n  the  we l l .  

c )  The d ischarge  h i s t o r y  of  w e l l s  i n  Kraf la  and NAmafjall may be d iv ided  

i n t o  two d i f f e r e n t  s t a g e s .  I n  the  f i r s t  s t age  which covers  t h e  f i r s t  

weeks of discharge ,  t h e  water  phase decreases  cont inuously whereas the  

steam flow i s  f a i r l y  cons t an t .  The en tha lpy  of t h e  discharged f l u i d  

w i l l  t h e r e f o r e  inc rease  dur ing  t h i s  pe r iod .  Af t e r  t h e  f i r s t  s t a g e ,  t he  

t o t a l  d i scharge  of t h e  we l l  w i l l  be nea r ly  cons t an t .  The f u r t h e r  devel-  

opment of t he  wel l  seems t o  depend on whether t he  water  flow decreases  

t o  zero o r  no t .  F ig  3 shows the  discharge h i s t o r y  of we l l  KG-12 i n  

Kra f l a .  The water  flow from t h i s  wel l  s topped a f t e r  one week of  d i s -  

charge,  and t h e  en tha lpy  reached equ i l ib r ium few weeks l a t e r .  Since 

then the  we l l  has  been producing superheated steam a t  a f a i r l y  cons t an t  

r a t e  €or  almost two yea r s .  On t he  o t h e r  hand the  water  flow from wel l  

B J - 1 1  ( F i g  4)  reached a cons tan t  non zero va lue ,  b u t  t he  wel l  has  s i n c e  

then inc reased  cons iderably  i n  steamflow and en tha lpy .  

d) The flow r a t e  of w e l l s  tapping  two phase r e s e r v o i r  v a r i e s  l i t t l e  wi th  

wel l  head p res su re  a s  shown i n  F ig  5. I n  comparison the  product ion 

c h a r a c t e r i s t i c  of t h e  l i q u i d  dominated wel l  KW-2 i s  shown on the  same 

figure. O n e  w e l l  (KJ-11) i n  the  Kraf la  f i e l d  had t w o  modes of flowing. 

One was when only  t h e  l i q u i d  dominated zone con t r ibu ted  t o  the  flow and 

t h e  o t h e r  was when both zones were a c t i v e .  These product ion cha rac t e r -  

i s t i c s  a r e  shown i n  F ig  5. 

e) During d i scha rge ,  t h e  drawdown i n  t h e  wel l  i s  l a rge .  This  can be moni- 

t o red  by running a temperature log  immediately a f t e r  s h u t i n  of a w e l l .  

The temperatures  then found w i l l  be cons iderably  lower than immediately 

before  discharge.  

t u r e s  c lose  t o  the  s a t u r a t i o n  temperature a t  t he  wel l  head p res su re  

dur ing  discharge have been recorded. This  i n d i c a t e s  t h a t  t h e  p re s su re  

g r a d i e n t  i n  two phase w e l l  i s  c l o s e  t o  zero during d ischarge  and t h a t  

t h e  temperature i s  f a i r l y  cons tan t .  The wel l  head p res su re  c o n t r o l s  

For w e l l s  wi th  a mixed flow (steam and water),  tempera- 
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t he  temperature i n  t h e  we l l  a s  wel l  a s  t h e  drawdown during d ischarge .  

F ig  6 and 7 show temperature and p res su re  logs  i n  KG-12 before and 

dur ing  d ischarge .  The l a r g e  drawdown and p res su re  g r a d i e n t  i n  t h e  

flowing we l l  i s  c l e a r l y  demonstrated.  A s  t h i s  i s  a dry steam well  no 

s a t u r a t i o n  r e l a t i o n  i s  between the  temperature and the  p re s su re  during 

d ischarge  and t h e  temperature changes only  s l i g h t l y  when wellhead 

p res su re  i s  changed a s  F ig  7 shows. Compared t o  t h e  i n i t i a l  tempera- 

t u r e  (F ig  6) t he  temperature  dur ing  d ischarge  shows t h a t  during d i s -  

charge,  a cons iderable  cool ing  of  t he  wel lbore w i l l  t a k e  p l a c e .  This 

cool ing  is ,however ,  much l e s s  than the  cool ing  t a k i n g  p l ace  when the  

wel l  d i scharges  s a t u r a t e d  steam (Fig  7 ) .  

Discussion 

The above d e s c r i p t i o n  shows t h a t  t he  c h a r a c t e r i s t i c s  of w e l l s  tapping  two 

phase r e s e r v o i r s  give q u i t e  a d i f f e r e n t  performance compared t o  t h a t  given 

by o rd ina ry  s i n g l e  phase w e l l s .  I n  o rde r  t o  exp la in  the  d i f f e r e n c e s  t h e  

laws governing b o i l i n g  and two phase flow have t o  be considered.  

A l l  t he  w e l l s  d i scussed  a re  high en tha lpy  we l l s  d i scharg ing  f l u i d  of  high 

steam con ten t .  The d e n s i t y  o f  t h e  discharged f l u i d  i s ,  t h e r e f o r e ,  c lose  

t o  the  dens i ty  f o r  steam. lis a consequence the  p re s su re  g r a d i e n t  i s  small  

i n  t h e  w e l l s  during d ischarge  and a l a r g e  drawdown can be achieved by 

lowering t h e  wellhead p res su re .  The cons t an t  mass flow f o r  d i f f e r e n t  

wellhead p res su res  i s  a d i r e c t  consequence of t h e  l a r g e  drawdown. As 

can be seen i n  F ig  7 t he  p re s su re  a g a i n s t  t he  main inf low a t  1500 m depth 

i n  we l l  KG-12 i s  19-23 b a r  (1,9-2,3 Mpa) dur ing  d ischarge ,  whereas the  

undis turbed p res su re  of  t h i s  a q u i f e r  i s  126 b a r s  (12.6 m a ) .  The d i s -  

charge causes  t h e r e f o r e  a drawdown o f  t he  o rde r  of 100 b a r  (10 MPa) and 

changes i n  t he  wellhead p res su re  of t h e  o rde r  of 10 b a r  (1 MPa) w i l l  not  

i n f luence  t h e  f lowra te  s i g n i f i c a n t l y .  Th i s  performance i s  o f  g r e a t  import- 

ance i n  u t i l i z a t i o n  a s  des i r ed  steam p res su re  can be s e l e c t e d  independantly 

of  y i e l d ,  over  a wide range o f  we l l  head p res su res .  

The d ischarge  h i s t o r y  o f  two phase w e l l s  shows some unexpected charac te r -  

i s t i c s .  Large v a r i a t i o n s  i n  flow r a t e  and en tha lpy  a r e  observed i n  t he  

beginning of a d i scharge  pe r iod ,  while  t he  drawdown i s  being developed, i n  

the  v i c i n i t y  of  t he  wel l .  Th i s  process  can take  weeks. The inc rease  i n  enthalpy 

accompanied wi th  a decrease i n  t h e  water  flow r a t e  i s  a consequence of  t he  
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d i f f e r e n t  mobi l i ty  of  t h e  steam - and t h e  water  phase i n  the  two phase 

r e s e r v o i r  t oge the r  wi th  a non a d i a b a t i c  f l a s h i n g  i n  t h e  v i c i n i t y  o f  t h e  

wel l .  The most unexpected observa t ion  i n  some of t hese  w e l l s  i s  t h a t  a f t e r  

some weeks of d i scharge  t h e  mass flow s t a r t s  t o  i n c r e a s e ,  F ig  4 .  

I n  add i t ion  t o  w e l l s  i n  Kraf la  and N h a f j a l l  i n  I ce l and ,  i nc reased  m a s s  flow 

has a l s o  been observed i n  some we l l s  i n  t h e  Tongonan f i e l d  i n  t h e  P h i l i p p i n e s  

(Sarmiento 1980).  

i n  t he  steam p a r t  on ly ,  whereas t h e  w e l l s  i n  the  Tongonan f i e l d  inc rease  both 

i n  steam and water  flow r a t e .  Common f e a t u r e  f o r  t h e  t h r e e  thermal  f i e l d s  

i s  t h a t  they a r e  a l l  b o i l i n g ,  and t h e  we l l s  t h a t  i nc rease  i n  flow r a t e  a l l  

produce a mixture of  steam and water ,  whereas the  dry steam w e l l s  a t  Kraf la  

show a cons t an t  flow r a t e  a f t e r  t h e  f i r s t  few weeks of  d i scharge .  

Increased  flow r a t e  i n  w e l l s  i n  Kra f l a  and NAmafjall i s  

A s  f lowra te  i s  no t  observed t o  inc rease  with t ime i n  s i n g l e  phase r e s e r v o i r s ,  

it seems n a t u r a l  t o  a s s o c i a t e  t h i s  wi th  some processes  common t o  two phase 

r e s e r v o i r s  b u t  n o t  t o  s i n g l e  phase r e s e r v o i r s .  We sugges t  here  t h a t  t he  

process  respons ib le  f o r  t he  inc rease  i n  flow r a t e  i s  t h e  thermal  con t r ac t ion  

of t he  rocks surrounding the  wel l  caused by cool ing  of  t h e  wel lbore dur ing  

d ischarge .  When opera ted  a t  t he  wellhead p res su re  of t h e  o rde r  of  10 b a r ,  
t he  temperature  i n  t he  wel l  producing steam and water  a t  Kraf la  and NAmafjall 

i s  100-150°C lower than undis turbed rock temperatures  i n  t h e  product ion zone. 

The cool ing  of  t h e  dry steam we l l s  during discharge i s  on t h e  o t h e r  hand lower 

( 3 0 - 6 0 ' C )  ( F i g  7 ) .  The cool ing  of  t he  wellbore w i l l  propagate  ou t  i n  a s i m i l a r  

way a s  t h e  convect ive downward migrat ion (CDM) descr ibed  by Bobvarsson and 

Lowell (1972) , L i s t e r  (1974,980a and b) ,Bobvarsson (1979) ,and Bjornsson e t  a l .  

(1980) . Bobvarsson (1979) concluded t h a t  i n  t he  CDM-process only  few t e n s  of 
degrees  were needed t o  form f i s s u r e s  i n  s o l i d  rock. For a d i scharg ing  wel l  new 

crack o r  widening of a l r eady  e x i s t i n g  c racks  i n  t h e  rock mat r ix  w i l l  i nc rease  

t h e  permeabi l i ty  c l o s e  t o  t h e  we l l .  Thermal con t r ac t ion  can the re fo re  expla in  

the  inc reased  flow r a t e .  A l s o  it i n d i c a t e s  a d i f f e rence  between two phase and 

dry steam w e l l s  tapping  two phase r e s e r v o i r ,  a l though it does not  exclude a 

l e s s  prominent i nc rease  i n  flow r a t e  f o r  t he  wel l  d i scharg ing  dry steam. 
F i n a l l y ,  a s  seen i n  f i g u r e s  3 and 4 t he  l e v e l l i n g  o f f  i n  flow r a t e  a f t e r  .Long 

term flowing i s  s i m i l a r  t o  the  d ischarg ing  h i s t o r y  of a t h r e e  dimensional wel l  

t apping  s i n g l e  phase r e s e r v o i r .  

compress ib i l i t y  than s i n g l e  phase r e s e r v o i r s  (Grant 1978) .  The r ad ius  of 

in f luence  of a wel l  t apping  such a r e s e r v o i r  w i l l  t h e r e f o r e  be o rde r s  

of magnitude smaller than i n  a s i n g l e  phase system. This  r e l a t i v e l y  

4 Two phase systems have 102-10 t imes h igher  



-54- 

s h o r t  r a d i u s  of  i n f luence  i n  two-phase reservoir  makes it reasonable  

t o  compare w e l l s  tapping two-phase reservoi rs  wi th  t h r e e  dimensional w e l l s .  
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SIMPLIFIED MODEL OF THE KRAFLA GEOTHERMAL FIELD 
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Fig. 1. S i m p l i f i e d  model of t h e  Kra f l a  geothermal f i e l d .  
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Fig. 2 .  Temperature and p res su re  i n  t h e  Kra f l a  r e s e r v o i r .  
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GEOTHERMAL FIELDS ON THE VOLCANIC AXIS OF MEXICO 

S. Mercado, Instituto de Investigaciones Electricas, M6xico 
A. GonzSlez, Comisi6n Federal de Electricidad, M6xico 

INTRODUCTION 

At present in Mexico, geothermal energy is receiving a great 
impulse due to the excellent results obtained in the Cerro Prieto 
geothermal field, in which a geothermoelectric plant is operated. 
This plant has four units of 37.5 MW each, with a total capacity 
of 150 MW, and under program 470 MW more by 1984. 

The Government Institution, Comisi6n Federal de Electricidad, 
is in charge of the exploration and exploitation of geothermal 
fields as well as construction and operation of power plants in 
Mexico. By this time CFE has an extensive program of exploration 
in the central part of Mexico, in the Eje Neovolcdnico. In this 
area, several fields with hydrothermal alteration are under explo- 
ration, like the Michoac6n geothermal area, where Los Azufres geo- 
thermal field is being developed. Seventeen wells have been drill- 
ed and twelve of them presented excellent results, including two 
dry steam wells. In other areas, such as Arar6, Cuitzeo, San Agus- 
tln del Maiz,Ixtldn de L o s  Hervores and Los Negritos, geological, 
geophysical and geochemical explorations have been accomplished, 
including shallow well drilling with good results. 

Another main geothermal area is in the State of Jalisco with 
an extension of 5 , 0 0 0  m2, where La Primavera geothermal field 
shows a lot of volcanic domes and has an intensive hydrothermal 
activity. Deep wells have been drilled, one of them with a bottom 
temperature of 29OOC. Other fields in this area, like San Narcos, 
Hervores de La Vega, La Soledad, Villa Corona, etc., have a good 
geothermal potential. 

A new geothermal area has been explored recently in the eastern 
part of the country named Los Humeros, Puebla. In this area studies 
are being made and there are plans for well drilling exploration by 
the beginning of 1981. Like this one, there are many other areas 
in the country in which 300 hydrothermal alteration zones are been 
classified and 100 of them are considered economically exploitable. 

EXPLORATION IN LOS AZUFRES, MICH. 

This field is located at 200 km West of Mexico City, with an 
elevation of 2,900 m, 19'47' N Lat. and 1OO039'W Long. Studies and 
drilling in this area started three years ago. The geological and 
geophysical studies as well as the drilling performed, have proved 
the existence of a geothermal field of about 25 km2. The geological 



-61 - 

exploration indicates outcrop of volcanic rocks among which acid 
rocks, silica rocks, basic intermmediate rocks (granitic-rhyolite) 
diorite, andesite and gabrobasalts are more prominent. 

Geophysical studies performed were mainly geoelectric and mag- 
netometric. The geoelectrical studies consisted of more than 100 
qchlumberger vertical soundings, with 4000 m of separation A3 permit- 
ting the identification of well defined zones of low resistivity, which 
were useful in locating the first exTloratory wells. 

The magnetometry study was made using a Sharper Magnetometer 
MF-1-100 of vertical field. The interpretation presented some 
difficulties requiring detailed geological support. 

Geochemical studies, made by analysis and interpretation, indi- 
dicated the presence of hot wateranddominant steam systems, with 
temperatures higher than 2OOOC in several hot springs. Reservoir 
temperatures of 3OOOC were calculated with gas thermometry. 

The location and drilling of the first well A-1, was performed 
after these studies. This well has a depth of 2,193 m, with a 
bottom temperature of 29OOC and produces a water-steam mixture of 
high enthalpy. To date, seventeen wells have been drilled, of which 
twelve are productive, the most outstanding being well A-2 with a 
production of 378 ton/hr of water-steam mixture; well A-4 producing 
50 ton/hr of steam and 50 ton/hr of water; well A-5 which produces 
70 ton/hr of steam and 65 ton/hr of water; well A-6 which produce 
50 ton/hr of steam; well A-13 with a production of 65 ton/hr of 
steam and 15 ton/hr of water; and well A-17 producing 82 ton/hr of 
dry steam. Some of this wells have 850 psi shut-in pressure at well 
head. In this field, there are plans for reinjecting the waste 
brine, having for this purpose, well A-7 with a capacity to receive 
100 ton/hr of separated water; well A-10 with 70 ton/hr; well A-15 
with 120 ton/hr, etc. 

With all these studies several modules have been detected re- 
lated with the future geothermal exploitation of the area, like 
Tejamaniles, Agua Frfa, E l  Chino, E l  Gallo y Laguna Verde. Pro- 
jects are on line for the installation of five portable units of 
5 MW each, with plans for having them into operation by the end 
of 1981. At the same time, interference well tests have been 
started in the module of Tejamaniles, to define the reservoir ca- 
pacity and size of the first installed plant for generation. It 
is considered feasible that 300 to 600 MW may be installed at the 
geothermal field of L o s  Azufres. 

CUITZEO, MICHOACAN 

This area has several points with hydrothermal manifestations 
like San Sebastibn, Las Arenas, Huandacareo, Nismpo, San Agustfn 
del Maiz, Taratameo, La Mina, Huingo y Arar6. The last one'being 
studied in detail, planning to drill two deep wells by next year. 
The geochemical studies show that reservoir temperatures are higher 
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t h a n  200OC. 

EXPLORATIONS I N  LA PRIMAVERA, JALISCO 

La  Pr imavera geo the rma l  f i e l d  i s  located o n l y  5 km W e s t  of t h e  
C i t y  of G u a d a l a j a r a ,  i n  a mountainous zone w i t h  many v o l c a n i c  domes 
which are p a r t  of a c a l d e r a  o f  b i g  dimensions.  T h i s  area h a s  many 
h o t  s p r i n g s  of g rea t  volume, as  w e l l  a s  l a r g e  fumaroles  and  steam 
v e n t s .  The h o t  s p r i n g s  area i s  l o c a t e d  2 0 ' 4 0 ' N  L a t .  and  103O35' W 
Long., cove r ing  a n  area of 3 km2. A t  t h e  emanation p o i n t  of t h e s e  
s p r i n g s ,  d e p o s i t s  of c a l c i t e  and s i l i c a  a r e  found on t h e  r h y o l i t i c  
rocks .  The r e s u l t i n g  s t reams ( 4 0 0  l i t e r / s e c o n d s ) ,  some of which 
are  Arroyo Nuevo, Arroyo V e r d e ,  Agua Brava y Rfo C a l i e n t e ,  have a 
c h a r a c t e r i s t i c  g r e e n  c o l o r  i n  t h e  bot tom due t o  t h e  p r e s e n c e  of  
t h e r m o p h i l i c  a lgae,  which grow a t  a t empera tu re  of 50OC. I n  t h e  
c e n t r a l  h i g h e s t  p a r t  o f  L a  Ca lde ra ,  t h e r e  i s  t h e  g raven  named E l  
Colorado, which h a s  a b i g  number of fumaroles  and steam emanation 
which t o g e t h e r  w i t h  t h e  m a n i f e s t a t i o n s  of L a  Azufrera  and L a s B a r -  
r a n c a s ,  i n d i c a t e  the e x i s t e n c e  a€ g r e a t  geothermal  p o t e n t i a l .  D r i l l -  
i n g  has  a l r e a d y  been s t a r t e d  i n  t h i s  area,  a s  a r e s u l t ,  t h e r e  i s  
w e l l  P R - 1  w i t h  a d e p t h  of1159 m and a bottom t empera tu re  o f  290°, 
nea r  i t s  comple t ion  and  t e s t i n g  s t a g e .  W e l l  PR-2 ,  under  d r i l l i n g ,  
w i t h  a dep th  of 6 5 0  m ,  p r e s e n t s  v e r y  s i m i l a r  c o n d i t i o n s .  I n  one  
of t h e  extreme s i tes  of t h e  f i e l d ,  i n  t h e  h o t  s p r i n g  area named 
Rfo C a l i e n t e ,  a w e l l  o f  1,900 m ,  o f  g e o l o g i c a l  s u p p o r t  w a s  d r i l l e d ,  
b u t  no h i g h  t e m p e r a t u r e  c o n d i t i o n  w a s  found. 

LA SOLEDAD, J A L I S C O  

La Soledad geo the rma l  f i e l d  i s  l o c a t e d  on 20'52'N L a t .  and 
103'25'W Long., Nor th  o f  Guada la j a ra  C i t y  on t h e  banks of Rfo San- 
t i a g o ,  a t  1 0 0 0  m above sea l e v e l .  L a r q e  emanations of  w a t e r - s t e a m  
m i x t u r e s  a re  found i n  t h i s  p l a c e ,  wi tb  a n  e x t e n s i o n  of 4 km2 and t w o  
t y p e s  of w a t e r ,  h i g h  s a l i n i t y  b r i n e  and low s a l i n i t y  b r i n e .  

SAN MARCOS Y EL PANTANO, JALISCO 

Th i s  f i e l d  i s  l o c a t e d  a t  20'36' N L a t .  and 103'30'W Long., w i t h  
an  e l e v a t i o n  of 1,350 m,  W e s t  of Lago d e  Chapala. I t  h a s  a n  ex ten -  
s i o n  of 11 km2. S e v e r a l  m a n i f e s t a t i o n s  l i k e  h o t  s p r i n g s ,  fumaro- 
les, h o t  water  l agoons ,  mud vo lcanos ,  e tc . ,  a r e  found i n  t h i s  zone. 
The w a t e r  i s  of  medium s a l i n i t y  b r i n e  and t h e  g e o t h e r m o m e t e r s . l i k e  
Na-K-Ca and t h e  o n e s  o b t a i n e d  by g a s e s  show t e m p e r a t u r e s  h i g h e r  
t h a n  200OC.  I n  t h i s  area s e v e r a l  sha l low w e l l s  w e r e  d r i l l e d  and  
used fo r  the rma l  g r a d i e n t  measurement and t o  o b t a i n  f l u i d  samples. 

OTHER GEOTHERMAL AREAS OF JALISCO 

A t  t h e  Chapala  geothermal  area ( J a l i s c o  S t a t e ) ,  s i tes  l i k e  
Hervores  d e  La  V e g a ,  Agua C a l i e n t e ,  V i l l a  Corona, Mazatepec, Cosals, 
Jocotepec ,  C o l i m i l l a ,  C a c a l u t a  and Verd€a are  i n  e x p l o r a t i o n  a t  t h e  
p r e s e n t  t i m e .  The h i g h  the rma l  a c t i v i t y  of t h e  zone i s  caused by the 
i n t e r s e c t i o n  of t h e  f a u l t s  sys tem of Mexico's E j e  Neovolc6nico w i t h  
t h e  C o l i m a ' s  Trench;  t h e  e x t e n s i o n  of t h i s  a r e a  i s  more t h a n  5 ,000  
Id. 



-64-  

REFERENCES 

Gonzdlez, A . ,  1980. Es t ado  de l a  geotermia e n  Mexico. I11 Seminar io  
sobre desar ro l lo  y e x p l o t a c i 6 n  geo tg rmica .  OLADE-CFE. 

Gar f ias ,  A. ,  e t  a l ,  1979.  Informe Geol6gico d e l  Pozo A z u f r e s  6 CFE. 
G .E .  e I . P .  Subgerenc ia  de I n g e n i e r f a  Bds ica .  Reporte 3 2 .  

Mercado, S., 1970. Exploraci6n geotermoqulmica de l a  Primavera,  J a l .  
V Congreso Mexican0 de  Qufmica, Merida, Yucatdn, Mexico. 

Mercado, S. ,  1977. Geothermal Chemistry of some Geothermal F i e lds  
of Mexico. The Geological Soc ie ty  of America 1977 Annual Meet ing 
Sea t t le ,  Wa., USA. 

Idercado, S . ,  1979. Nuevos desa r ro l lo s  geotermicos  e n  Mexico. VI11 
Congreso Panamericano de  I n g e n i e r l a ,  San Salvador ,  C .A.  

Yafiez, C . ,  e t  a l ,  1979. Geothermic E x p l o r a t i o n  i n  t h e  H u m e r o s  
Derrumbadas A r e a .  Geothermal Resources  Counc i l ,  T r a n s a c t i o n s  
V o l .  3, Pag. 801-803. 



-65 -  

1: Hcrrorer de lo Vego,Jol. 13 - El Cogorron,SL P. 

2.- La Primorcro, Jol. 8 .-Lor Ncgrllor,Mich. 14- Sm Borlobmc,CC 

3 - Son Morcor , J d .  15- Polhe ,Hgo 

4: La Soledod, Jot. 16 - Lor Humeros,Pue. 

5: AQW Colicntc I Jol. 17: Cornonjillo, 610. 

6: Son lridro Uozolcpcc,JaL 

7.- Villo Corona, Jol. 

9.- Ixllon de br Hcrvores,M’Ch 
10.- Logo de Cuilzeo y &oro,Mich 

11.- Lor Arufrcr,Mich. 

12.- PuruogGIo ,Glo. 

Fig. 2 T Location of most important Geothermal fields of Volcanic Axis. 
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PROPOSAL FOR RESERVOIR E N G I N E E R I N G  STUDIES 
I N  THE STATE O F  ALASKA 

Michael J .  Economides, C h r i s t i n e  Ehlig-Economides and 
Eugene Wescott  

U n i v e r s i t y  of Alaska ,  Fa i rbanks  

Alaska h a s  a s i g n i f i c a n t  geothermal  p o t e n t i a l .  While o t h e r  
s o u r c e s  of energy  such  as  petroleum and c o a l  are i n  abundance, 
t h e r e  has  been a d e f i n i t e  move towards geothermal  e x p l o i t a t i o n .  
The S ta te  has  recognized  t h e  o p p o r t u n i t y  c o s t  o f  pe t ro leum a s  a 
s o u r c e  of m a t e r i a l s  and has  expres sed  i n t e r e s t  i n  t h e  development 
o f  geothermal  energy as  a d e s i r a b l e  and a l t e r n a t i v e  r e s o u r c e .  

More than  11 m i l l i o n  acres have been i d e n t i f i e d  a s  p o t e n t A a l  
geothermal  r e s e r v o i r s  capab le  of producing e l ec t r i c  power as w e l l  
a s  d i r e c t  h e a t i n g .  R e s e r v o i r s  of t h e  l a t t e r  t y p e  are found i n  t h e  
i n t e r i o r  of  t h e  s t a t e .  Cons ider ing  t h e  w i n t e r  t empera tu res  of t h e s e  
r e g i o n s  ( a t  t i m e s  d i p p i n g  t o  -60'F) d i r e c t  u t i l i z a t i o n  i s  a t t r a c -  
t i v e .  

A comprehensive r e s e r v o i r  e n g i n e e r i n g  p r o p o s a l  i s  p r e s e n t e d  
t o  b e t t e r  a s s e s s  t h e  e x t e n t  and p o t e n t i a l  of t h e  geothermal  a r e a s  
i n  Alaska.  The purpose of t h i s  paper  i s  t o  a c q u a i n t  t h e  p a r t i c i -  
p a n t s  of t h e  S t a n f o r d  Geothermal Workshop wi th  t h e  enormous poten-  
t i a l ,  a s  y e t  untapped,  of t h e  S ta te  of Alaska.  

I n t r o d u c t i o n  

F i g u r e  1 i s  a map of Alaska wi th  a number of p o t e n t i a l  geo- 
the rma l  si tes.  Of t h e s e  r e s e r v o i r s ,  Chena Hot Spr ings  and P i l g r i m  

S p r i n g s  have had c o n s i d e r a b l e  g e o l o g i c a l  and geophys ica l  work. y:f A t  P i l g r i m  S p r i n g s ,  two s m a l l  w e l l s  w e r e  d r i l l e d  a t  2 0 0  feet  
and t h e y  encountered  h o t  w a t e r  a t  178'F. No deeper  d r i l l i n g  w a s  
a t t empted  s i n c e  t h e  a v a i l a b l e  equipment was i n c a p a b l e  f o r  such a 
t a s k .  The f low ra te  w a s  measured a t  3 2 , 0 0 0  l b / h r .  A t  Chena Hot 
Spr ings  and a t  a dep th  of o n l y  18 f e e t  a t empera tu re  of 138'F w a s  
r eco rded .  

Two o t h e r  e x p l o r a t i o n  p r o j e c t s  are t o  begin  i n  c a l e n d a r  1981. 
Pe r sonne l  from t h e  Geophysical  I n s t i t u t e  and t h e  Petroleum Engi- 
n e e r i n g  Program a t  t h e  U n i v e r s i t y  of Alaska ,  Fa i rbanks  w i l l  coope ra t e  
i n  t h e  "Geophysical  E x p l o r a t i o n  f o r  Geothermal Energy a t  Manley 
Hot Sr>rings" and i n  t h e  " I n v e s t i g a t i o n  of  Radiogenic Heated Aqu i fe r s  
i n  t h e  Lower S u s i t n a  Bas in" .  
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P o t e n t i a l  s i tes  i n  Alaska a r e :  P i l g r i m  Hot S p r i n g s ,  
Kotzebue, w e s t  s i d e  of Mount D r u m  (Klawas i ) ,  Willow, Chena Hot 
S p r i n g s ,  Ci rc le  Hot S p r i n g s ,  Manley Hot S p r i n g s ,  Homer Hot S p r i n g s ,  
C l e a r  Creek Hot S p r i n g s ,  C e n t r a l  Baranof I s l a n d ,  Tenakee H o t  
S p r i n g s ,  Northern p a r t  o f  Unalaska IsEand, Unnak I s l a n d s ,  Emmons Cal- 
d e r a  and N o r t h e a s t e r n  Atka I s l a n d .  (Reference  l )  

A s  it can b e  s e e n ,  t h e  deve lopable  si tes i n  t h e  s t a t e  span 
t h e  e n t i r e  area. 

Many of  t h e s e  a r e a s  occur  i n  sedimentary b a s i n s ,  c o n t a i n i n g  
a n c i e n t  v o l c a n i c  fo rma t ions .  Of t en ,  geothermal  format ions  may be  
a s s o c i a t e d  w i t h  hydrocarbon d e p o s i t s .  F r a c t u r e s ,  which a r e  charac-  
t e r i s t i c  of  o t h e r  major geothermal  fo rma t ions ,  a l s o  p e n e t r a t e  t h e  
Alaskan r e s e r v o i r s .  

I?ESERVOIR E N G I N E E R I N G  WORK 

The U n i v e r s i t y  of Alaska w i l l  purchase  Amerada bombs i n  o r d e r  
t o  f a c i l i t a t e  a comprehensive w e l l  t e s t i n g  program. Following i n -  
t e n s i v e  geophys ica l  e x p l o r a t i o n  it i s  a n t i c i p a t e d  t h a t  an a g g r e s s i v e  
d r i l l i n g  program w i l l  ensue.  
be  done i n  t h e  f i r s t  w e l l .  I f  t h e y  a r e  encouraging t h e n  a second 
and t h i r d  w e l l  w i l l  be  d r i l l e d  p r e f e r a b l y  forming a r i g h t  a n g l e  
w i t h  t h e  f i r s t  w e l l .  One d i r e c t i o n  should  fo l low i d e n t i f i e d  f a u l t s  
w h i l e  t h e  o t h e r  w i l l  be  p e r p e n d i c u l a r .  I n t e r f e r e n c e  w e l l  t e s t i n g  
w i l l  a l l o w  t h e  e s t i m a t i o n  of t h e  d i r e c t i o n a l  p e r m e a b i l i t i e s  and 
t h e  i d e n t i f i c a t i o n  of t h e  p r i n c i p l e a x e s  of p e r m e a b i l i t y .  

Drawdown and bu i ldup  well tests w i l l  

Subsequent d r i l l i n g  w i l l  t a k e  i n t o  account  t h e  f i n d i n g s  of 
t h e  w e l l  t e s t i n g .  W e l l  l ogging  d.uring t h e d r i l l i n g  phase w i l l  supply  
t h e  f i n a l  format ion  e v a l u a t i o n  which a long  w i t h  t h e  r e s u l t s  of 
w e l l  t e s t i n g w i l l  d e f i n e  t h e  economic a t t r a c t i v e n e s s  of each p r o j e c t .  

While r e s e r v o i r  e n g i n e e r i n g  work i n  t h e  s t a t e  i s  s t i l l  i n  i t s  
i n f a n c y ,  it i s  expec ted  t o  grow r a p i d l y .  The comprehensive geo- 
p h y s i c a l  and g e o l o g i c a l  work done t h u s  f a r  have p repa red  a h i g h l y  
f a v o r a b l e  ground f o r  t h e  r e s e r v o i r  e n g i n e e r .  
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HYDROLOGY AND MODEL OF THE OKOY GEOTHERMAL FIELD, 
NEGROS ORIENTAL, REPUBLIC OF THE PHILIPPINES 

E.W. Smith, Geothermal Engineer, New Zealand 

INTRODUCTION 

Ward (1980) described the exploration of the Okoy geothermal 
field. Resistivity surveying using Schlumberger traverses 
has covered an area of approximately 800 km2 in the southern 
part of the Island of Negros. Hot springs and other thermal 
manifestations (Fiq. 1) occur in the Okoy valley, Valencia 
and at Tabac Magaso, Dauin. 

?tTGJEC T L G C k T l  GN MAP Fig. 7 ; 

Initial shallow exploratory drilling indicated a possible 
sub-surface flow of hot water in the Okoy valley. Further 
deep exploratory drilling to the West has located two high 
temperature reservoirs. 
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Figure 2 shows the well locations within the Okoy geothermal 
field. 

HYDROLOGY 

Due to the complex nature of the Okoy geothermal field, wells 
drilled into the hydrothermal system generally balance well 
and reservoir pressures with internal flows. These internal 
flows cause difficulty in interpreting the downhole tempera- 
ture and pressure measurements. 

Most of the wells within the field penetrate a single phase 
reservoir and some have multiple permeable zones. Wells 
with multiple permeable zones generally have one zone with 
larger permeability and at this point the measured pressures 
equal the reservoir pressure. This point is known as the 
pressure control point. Elsewhere in the iqe11 the measured 
pressures do not equal the reservoir pressure. 

After examination of the well measurement data the pressure 
control point for each well was identified and listed in 
Table 1. 

The pressure survey data was examined and rejected where 
the surveys showed transient effects, strong internal flows 
or obvious measurement errors. 
used to calculate the average pressures at the pressure 
control point for each well and listed in Table 1. 

The remaining surveys were 
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Table  1: Eleva t ion  - P r e s s u r e  Data 

W e l l  P r e s s u r e  Cont ro l  _ _ ~ e r a g e  PI s s u r e  
P o i n t  m MSL* kPa 

N1 

N3 
OK1 
OK2 
OK 3 
OK 4 
OK5 
OK6 
OK 7 
OK 8 

N 2  
- 169 
- 268 
- 152 
- 687 
- 246 
- 232 
- 223 
- 568 
- 1544 
- 2040 
- 1496 

3870 
4360 
3860 
8810 
5170 
4500 
4930 
8020 

14540 
18810 
14000 

The e l e v a t i o n  - p r e s s u r e  d a t a  of Table  1 i s  graphed i n  
F igu re  , 

1 .  

KE r 
Upper 9koy Reservoir 

+ Lower &oy Reservoir 

A Hot Woter  Outflow - llijon Outflow 

- 

-¶.eo OK4 

NZ \ 
.*eo 

\ 
\ 

\ 

* MSL = mean sea l e v e l  
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Examination of Figure 3 and a knowledge of the physical 
geography, geology and chemistry of the Okoy field suggests 
that the data can be grouped into four categories:- 

(a) Upper Okoy reservoir (OK2, OK4, OK5) 
(b) Lower Okoy reservoir ( O K 6 ,  OK7, OK8) 
(c) Hot water outflow (N3, OK3, N1, N2) 
(d) Ilijan outflow (0x1) 

UPPER OKOY RESERVOIR 

The upper Okoy reservoir is a single phase system existing 
between +300m and -1000m MSL consisting of neutral chloride 
water with chloride concentrations of approximately 3600ppm. 
Deep drilling has encountered temperatures of up to 310'C 
and no re-charge system has yet been identified. 

Some small two phase steam dominated zones overlie the 
reservoir. 

Least square linear regression analysis gives an 'elevation 
- pressure relationship'for this category (a) data of Table 
1 as P = 2 9 6 0  - 8.91 Zi. Where P is pressure (kPa) and Zi is 
elevation (m) relative to mean sea level. The co-efficient 
of determination for the analysis is 1.000 indicating a,i 
excellent fit. 

The implications of the 'elevation-pressure relationship' 
are : - 

(i) 

(ii) 

(iii) 

(iv) 

The piezometric water level of the reservoir is 
+330m MSL. 
All Chloride springs which derive fluid from the 
reservoir will occur at elevations less than 
+330m MSL. 
Surface thermal manifestations at elevations 
greater than +330m MSL which derive fluid from 
the reservoir are likely to be steam heated or 
discharge free steam. 
The pressure gradient of 8 . 9 1  kPa/m corresponds 
to water of approximately 160°C. The average 
reservoir temperature is greater than 160°C 
thus the pressure gradient is super-hydrostatic. 

LOWER OKOY RESERVOIR 

The lower Okoy reservoir is a neutral 
at elevations below -1000m MSL. Deep 
encountered temperatures ranging from 
recharge or outflow systems have been 

chloride water system 
drilling so far has 
250  to 303°C and no 
indicated. 
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Least squares linear regression analysis gives an 'elevation 
-pressure relationship' for the category Cb) data of TaSle 
1 as P = 9 7 0  - 8 . 7 5  8. The co-efficient of determination for 
the analysis is 0 . 9 9 9  indicating a reasonable fit. 

The implications of the 'elevation-pressure relationship' 
are : - 

(i) The piezometric water level of the reservoir is 
+110m MSL. 

reservoir will occur at elevations less than 
+110m MSL. 

to water of approximately 1 7 5 ° C .  
reservoir temperature is greater than 1 7 5 ° C  thus 
the pressure gradient is super-hydrostatic. 

difference between the upper and lower reservoirs 
is 2 1 5 0  kPa. If permeability exists between these 
reservoirs, within the known field area, fluid will 
flow from the upper to the lower reservoir. 

(ii) All chloride springs which derive fluid from the 

(iii) The pressure gradient of 8 . 7 5  kPa/m corresponds 
The average 

(iv) At an elevation of -1000m MSL the pressure 

HOT WATER OUTFLOW 

The shallow wells N 1 ,  N 2  and N 3  penetrate a hot water flow 
which supplies the Okoy valley springs. 

Geochemical evaluation (Barnett, 1 9 7 7 )  of the Okoy valley 
wells and springs indicated a general westerly direction as 
the source of the fluid. 

Figure 4 shows isotherms drawn through wells N 3 ,  N 1  and N 2  
also suggests a source to the west. 

KEY - 
4' production Casing S/,oe - Isotherms O C  

~ 

HOT W/I  TER OUTFLOW - CR3SS SECTION Fig. 4 

I 

The Okoy geothermal field cross sections (Smith, 1980 b) 
suggested wells N 3 ,  N 1  and N 2  are in an outflow from the 
Upper Okoy reservoir with OK3 in the outflow eaqe. 
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Comparison of the data from Table 1 for these category (c) 
wells with the derived 'elevation-pressure relationship' 
for the upper Okoy reservoir is given in Table 2. The 
pressure departures of Table 2 show a sequence of increasing 
pressure drop in the order: N3, OK3, N1, N2 indicating the 
flow direction. 

Table 2: Pressure Comparison 

Well Pressure Control Average Pressure P=2960-8.918 Pressure 
Departure - ~ ~ -  Point m MSL kPa kPa 

N3 - 152 
OK3 - 232 
N1 - 169 
N2 - 268 

3860 
4500 
3870 
4360 

4314 - 450 
5030 - 530 
4470 - 600 
5350 - 990 

ILIJAN OUTFLOW 

The Okoy geothermal field cross sections (Smith, 1980 b) 
suggested OK1 is on the edge of a second hot water flow. 

Comparison of the data from Table 1 fo r  OX1 with the derived 
'elevation-pressure relationship' for the upper Okoy reservoir 
is given in Table 3. 

Table 3: OK1 Pressure Comparison 

Pressure Control Average Pressure P=2960-8.91% Pressure 
Point m MSL kPa kPa Departure 

- 687 8810 9080 - 270 

The pressure departure of Table 3 does not fit the sequence 
for the flow direction indicated by Table 2. It can be specu- 
lated that this second hot water flow may be from a geothermal 
system in the Balinsasayao area. 

MODEL 

A simple two dimensional conceptual model is given (Fig. 5) 
based on the descriptions of the upper and lower reservoirs 
and the hot water outflow. 

Further exploration and deljneation wells are being drilled 
in the Okoy geothermal field and it is hoped the information 
obtained will help clarify the complex nature of this f i e l d .  
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I 1 
Steam heated 

Okoy vqlley chloride 

I 
I _ _ & C C  

[ ho t  water )  
c 
I 

/ow p errneabdi ty  

! Lower Okoy Reservoir ! 
I 
I 

I 

+outflow ? 
h500 

[-zoo0 i (hot water250-303"C) I 

I200 

800 

4 00 

MSL 

-LOO 
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- 1200 

-2000 
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? Rech-arge ? ? 

COACEPTUAL MODEL CF Th'E OKOY GEOTHERMAL FIELD Fig. 5 
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ANALYSIS OF PRELIMINARY FLOW DATA FROM PLEASANT BAYOU NO. 2 
GEOPRESSURED WELL 

S. K .  Garg, Systems, Science and Software, 
P .  0. Box 1620, La Jo l l a ,  CA 92038 

I .  INTRODUCTION 

For the l a s t  several years,  the  University of Texas a t  
Aust in  ( U T A )  and, more recent ly ,  Louisiana S ta t e  University 
(LSU) have analyzed the geopressured t e r t i a r y  sandstones along 
the Texas G u l f  Coast ana the Louisiana Gulf Coast w i t h  the  
objective o f  locating prospective reservoirs  from which 
geothermal energy could be recovered. O f  the  "geothermal 
fairways" (areas  w i t h  thick sandstone bodies and estimated 
temperatures i n  excess of 300'F) in Texas, the Brazoria Fairway 
i n  Brazoria County appears most promising and the Austin Bayou 
Prospect has been developed w i t h i n  t h i s  fairway. The f i r s t  well 
d r i l l ed  a t  the A u s t i n  Bayou Prospect ( D O E  Pleasant Bayou No. 1, 
d r i l l e d  i n  1978) i s  being used for  re in jec t ion  since well com- 
pletion problems precluded i t s  use for  geopressured reservoir  
tes t ing .  A second well (DOE Pleasant Bayou No. 2) was drilled 
i n  1979 i n  the immediate v i c i n i t y  of the f i r s t  t o  obtain the 
t rans ien t  flow data needed t o  evaluate the geopressured 
reservoir .  

Preliminary short  term production ana b u i l d u p  t e s t s  of the 
Pleasant Bayou No. 2 well were conducted d u r i n g  the second h a l f  
of 1979. A s e r i e s  of f i v e  pressure drawdown (production times 
ranging from 13 minutes t o  10.5 days) and b u i l d u p  t es t s  were 
perforrned w i t h  f low r a t e s  u p  t o  a b o u t  20,000 b b l / d a y  i n  an 
e f f o r t  t o  evaluate formation parameters f o r  the geopressured 
sand perforated a t  14,644 f e e t  t o  14,704 f e e t  (ne t  sand thick- 
ness 60 f e e t ) .  The relevant flow and pressure data a re  given i n  
a report  by Clark [l]. 

The Pleasant Bayou No. 2 well has 7 inch casing s e t  
tnrough the F r i o  sand a t  14,644 f e e t  t o  14,704 f e e t  (mean depth 
14,674 f e e t ) .  The well has 5-1/2 inch production t u b i n g .  
Bottom-hole pressure was measured using the Hewlett-Packard 
quartz c rys ta l  surface recording element. A nickle-iron a l l o y  
sensor w i t h  so l id  s t a t e  transmission was employed t o  measure the 
bottom-hole temperature ( -  301'F). Some pressure and tempera- 
t u re  gradients a t  1,000 f e e t  in te rva ls  were a l s o  taken. Surface 
pressures were obtained using a dead weight t e s t e r  and a Panex 
1100 pressure transducer. Independent temperature sensing 
capabi l i ty  was a l so  avai laole .  A turbine pulse meter was used 
t o  record flow r a t e s .  

Due t o  various problems w i t h  tne  bottom-hole pressure 
gauges and the instrument cable, bottom-hole pressures were 
measured a t  d i f f e ren t  depths (ranging from 14,500 f e e t  t o  14,750 
f e e t )  a t  d i f f e ren t  times d u r i n g  the d r a w d o w n / b u i l d u p  t e s t s .  I n  
order t o  use these data t o  evaluate forination properties,  i t  i s  
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convenient t o  reduce the measured bottom-hole pressures t o  a 
common d e p t h .  Since the  majority of b u i l d u p  data were obtained 
a t  the  14,600 f e e t  datum we have elected t o  r e fe r  a l l  bottom- 
hole pressure data t o  th i s  depth. The i n i t i a l  reservoir  
pressure a t  the 14,600 datum i s  estimated t o  be 11,206.3 psi .  
I t  i s  a lso  worth noting here tha t  a change i n  the instrument 
caole design a f t e r  flow period 4 may have resul ted i n  a 
systematic e r ro r  i n  the measured bottom-hole pressures. 
Bottom-hole pressures fo r  well shutdown period 4 ,  f low period 5 
and shutdown period 5 apparently need t o  be corrected by  
20-4Ops i . 

I t  was o r ig ina l ly  planned t o  measure the  l i q u i a  and gas 
flow r a t e s  separately a t  the well heaa. However, d u e  t o  
problems w i t h  the separator,  the e n t i r e  flow stream had t o  be  
d i r e c t l y  passed t h r o u g h  the turbine meter. For purposes of 
analysis ,  i t  i s  necessary t o  estimate the  l i q u i d  and gas flow 
r a t e s  separately.  We aescribe elsewhere [ 2 ]  the  procedures 
employea t o  reauce the flow data t o  standard conditions. 

Southern Petroleum Laboratory, Inc. reported a s a l i n i t y  of 
175,435 pprn based on measurements on f l u i d  samples obtainea from 
the reservoir .  The s a l i n i t y  may a l so  be estimated from the 
s t a t i c  pressure gradient and the measured temperature. based on 
a s t a t i c  pressure gradient of 0.4607 p s i / f e e t  and a temperature 
of 301"F, sa1inil;y a t  standard conditions i s  estimated t o  be 
169,548 ppm. The l a t t e r  value of s a l i n i t y  i s  i n  good agreement 
w i t h  the  value reported by Southern Petroleum Laooratory, Inc. , 
b u t  i s  a t  considerable variance w i t h  the value of 130,000 ppm 
g i v e n  by Kharaka e t  a1 [3]. In the absence of additional data,  
we wil l  assume t h a t  the reservoir  f l u i d s  have a s a l i n i t y  of 
169,548 ppm. The l a t t e r  value of s a l i n i t y ,  together w i t h  the  
S3 methane/brine equation-of-state data [ 4 j ,  y ie las  a methane 
content of 22.47 SCF/STB a t  saturat ion.  Although the  GNR (Gas 
Water Ratio) was not measured for  the greater  par t  of the flow 
t e s t ,  Clark [l] mentions tna t  a t  tne end o f  the f i r s t  hour  of 
tne t h i r d  flow period, the GWR averaged around 19.6 cu. f t . / bb l  
a t  p - 766.7 psia and T - 1 7 2 ° F  (separator  pressure and mean 
temperature of flow stream). This implies t h a t  the reservoir  
f l u i d s  a r e  most probably saturated w i t h  gas. 

The main purpose of t h i s  s tudy  i s  t o  analyze pressure 
drawdown and buildup data t o  evaulate formation parameters. In 
t h i s  connection, we note tha t  the, flow periods 1 and 2 were too 
shor t  (13 minutes and 184 minutes respect ively)  t o  give meaning- 
f u l  data fo r  analysis purposes. Also, f low data fo r  par t  of 
flow period 3 and pressure buildup data fo r  prac t ica l ly  a l l  of 
b u i l d u p  period 4 a r e  missing. The complete flow and pressure 
drawdown/buildup data are ,  however, avai lable  fo r  flow/shutin 
period S (flowing time - 10.5 days, s h u t i n  time - 20 aays).  For 
the aforementionea reasons, our analysis  w i l l  be primarily 
concerned w i t h  the flowlshutin period 5. 
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11. ANALYSIS OF BUILDUP PERIOD 5 PRESSURE DATA 

Pleasant Bayou No. 2 well was flowed at an average rate of 
approximately 12,746 STB/D from December 3, 1979 (19:31:50 
hours) to December 14, 1979 (7:59 hours). Buildup pressures 
were measured from the shutin time on December 14, 1979 to 
January 3, 1980 ( 8 : O O  hours). The flow stream, at bottom-hole 
conditions, contained less than 1 percent by volume of free gas; 
it is, therefore, feit that classical single-phase analysis 
methoas should be adequate LO analyze the buildup data. In 
analyzing the bui1dl;p data for shutin period 5, the question 
arises as to how the proauction perioas 1-4 influence the 
buildup pressures. One coula, in principle, utilize super- 
position to account for the prior flow periods; in practice, 
this procedure is rather cumbersome. An alternate method is to 
assume a constant flow rate, and calculate an equivalent flow 
time. Since the prior flow periods mainly influence the 
late-time buildup data, the latter proceaure should suffice for 
present purposes. Given a total production of 210,506 STb, and 
an average producing rate (9) of 12,746 STB/D, the equivalent 
producing time (t) is 396.37 hours. 

The buildup data versus (t + At)/At are shown in Figure 
1. It can be seen from Figure 1 that the buildup data may be 
approximated by two straight lines with slopes (m) of 60 psi/ 
cycle and 66 psilcycle respectively. These slopes yield the 
following values for formation permeaoility: 

(1) Near 'well bore' permeability, k = 177.6 md 

( i i )  Far field permeability, k = 161.5 md 

The two straight-line segments on the Horner plot inter- 
sect at (t + At)/At - 17.5 (corresponding to At - 24 hours). 
The transition from near well permeability to far field 
permeability occurs approxirnately at (see e.g. Matthews and 
Russel 1 C5 j) : 

0.00105 kAt 1 i2  

trans = ( @UcT ) r 

where At = Shutin time corresponding to the intersection ot the 
straignt lines on the Horner plot, hours; 8 - Formation 
porosity; CT - Total formation compressibility (= i( l-#)/$] 
Cm + Cf), -1; Cm - Uniaxial formation compres- 
sibiiity, psi-ps' and Cf - Pore fluid compressibility, 
ps i-1. 

With k = 177.6 md, = 0.295 Cp, Cm - 10-6 psi-1, 
Cf - 3 X psi-l, 6 - 0.176 and At - 24 hours, rtrans 
is approximately 3350 ft. 

The skin factor s is given by the relation [5]: 
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'lhr - 'f - log k 2 + 3 . 2 3 1  , 
du cT rw 

s = 1.151 

where Plhr - Shutin pressure at A t  - 1 hour extrapolated from 
the straight line on the Horner plot, psi; Pf - Last flowing 
pressure, psi; and rw - Well radius, ft. 

With Plhr - 11,018 psi, Pf - 10,466 psi, and rw - 
(3.5/12) ft, the skin factor s is 3.12. 

The radius investigated by the buildup test is approxi- 
mately given by rinv [5]: 

rinv 

where At = buildup time. With At = 480 hours (shutin period 5 ) ,  
the formation radius investigated during buildup is approximate- 
ly 14,960 ft. 

The preceding analysis indicates that no definite 
boundaries (permeability barriers) can be identified from the 20 
day buildup test. This conclusion is, however, somewhat 
uncertain in so far as the MUSHRM history-match calculations, 
discussed in Section 111, indicate that late-time buildup data 
can be better matched by assuming a closed boundary. It is also 
appropriate to mention here that the two-rnooility interpretation 
o f  the buildup data was first suggested by MacDonald [6]; this 
interpretation is, however, at variance witn the one given by 
Clark [l]. Clark attributes the upwara snift in the slope on 
the Horner plot to a minor fault of less than the sand thickness 
m a t  causes an area o f  flow constriction at t h e  fault p o s i t i o n .  

111. HISTORY - MATCH CALCULATIONS 
In this section, we will employ the formation properties 

derived in Section I 1  in the reservoir simulator MUSHRM to 
history match the observed drawdownlbuildup pressures and flow 
rates. For our initial simulation, the reservoir is assumed to 
be a right circular cylinder with radius R - 37, 200 feet (Note 
that this radius is approximately two and one-half times the 
maximum radius, 14,960 feet, explored during the 20 day buildup 
test, and should be adequate to simulate an infinite reservoir.) 
and height h=60 feet (depth 14,644 -14,674 feet). The details 
regarding the numerical grid, production history, initial fluid 
state ana the formation properties utilized are given elsewhere 
C21. 

Figures 2-4 compare the calculated bottom-hole pressures 
with observed drawdown/buildup pressures for flow/shutin periods 
1-4. The calculated flowing pressure at t = 13 minutes (end of 
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f i r s t  drawdown period) i s  almost 200 psi more than the  measured 
value; on tne otner nand, tne caiculated flowing pressure a t  the 
end of drawdown period 2 ( t  - 229 minutes) is  approximately 200 
psi 12ss than the oossrved vaiue. Due t o  the uncertaint ies  i n  
flow data for  these short  term drawdown t e s t s ,  no inference can 
be drawn from this disagreement between the  otserved and cal-  
culated values. Calcdlated drawdown pressures f o r  flow-periods 
3 ana 4 (Figures 3 and 4 )  generally follow the oDserved pressure 
response; the  calculated values are ,  nowever, about 20 psi 
greater  than the measured pressures. T h i s  suggests t ha t  the 
flow ra t e s  used i n  the  simulation a re  somewhat lower than the 
actual flow ra t e s  f o r  periods 3 and 4. 

The calculated drawdown response for f low period 5 is  
compared w i t h  the  relevant data i n  Figure 5. Note tha t  24 psi 
were added t o  a l l  measured pressure values t o  match measured ana 
calculated pressures a t  t h e  s t a r t  of flow period 5. I n  general, 
there  i s  good agreement between the observed and simulated 
pressures. Figure 6 compares the observed b u i  l d u p  pressures 
w i t h  tne  calculated b u i l d u p  pressures fo r  s h u t i n  period 5 ;  fo r  
A t  ( A t =  shdtin time) < IO4 m ,  tnere  i s  c lose  agreement between 
the two s e t s  of values. For A t  > l o4  m ,  the calculated 
b u i l d u p  pressures (shown by a broken l i n e  i n  Figure 6 )  l i e  above 
the actual pressures;  tnis suggests the possible presence of a 
permeability bar r ie r .  A second simulation was therefore ,  r u n  by 
assuming the reservoir  t o  be bounded a t  R - 16,700 f e e t  ( R  - 
16,700 f e e t  represents the  radius a t  which the maximum pressure 
d r o p ,  i n  the i n i t i a l  simulation, was l e s s  than i percent of the 
maximum pressure d r o p  a t  the sand f a c e ) ;  a l l  other parameters 
fo r  t h i s  calculat ion were ident ical  t o  those fo r  the i n i t i a l  
simulation. The f i n i t e  reservoir  s imula t ion  r e su l t s  a re  
ident ical  w i t h  those obtained for  the i n f i n i t e  reservoir  except 
f o r  tne l a t e  par t  of t h 2  f i f t h  b u i l d u p  period ( A t  > l o4  
minutes). Figure 6 c l ea r ly  snows t h a t  the bounded reservoir  
assumption leads t o ,  a c loser  agreement between the observed and 
calculated pressures. We, therefore ,  speculate t ha t  the  
geopressured reservoir  i n  question may have a permeability 
ba r r i e r  a t  a dis tance of about R - 16,700 f e e t .  

The t o t a l  calculated brine and methane production d u r i n g  
the flow periods 1-5 a re  210,487 STB and 4,672,469 SCF respec- 
t i ve ly .  The calculated brine production i s  prac t ica l ly  
ident ical  w i t h  the  estimated actual production (210,506 STB). 
The calculated methane content of the produced brine is  22.2 
SCF I STB. 

I V .  C O N C L U D I N G  REMARKS 

Analysis of pressure b u i l d u p  data from the preliminary 10 
day flow/20 day b u i l d u p  t e s t  indicates  the presence of a 
mobility change a t  approximately 3500 f e e t  (assuming a uniaxial 
compressibil i ty of 10-6 psi-lj,  and  p o s s i b l y  a m o b i l i t y  
bar r ie r  a t  approximately 17,000 f ee t .  The formation parameters 

. .derived from the preceding analysis were employed i n  the MUSHiiM 
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reservoir simulator to successfully history-match the available 
drawdown/buildup data from the various short-term flow/buildup 
tests. Current DOE plans call for extensive long-term testing 
of the Pleasant Bayou No. 2 well. These tests will include 
separation of the gas and liquid fluid components. Long-term 
testing will determine reservoir limits (30 day producing at 
20,000 bbllday; 60 day buildup; test started September, 1980), 
and well productivity (six months producing up to 40,000 
bbl/day). The data from these tests are required to confirm the 
presence of the mobility barrier at 17,000 feet. 
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SAMPLING GEOPRESSURED FLUIDS: SOME CONTRIBUTIONS 

FROM THE PROPERTIES OF THE H20-CH4 SYSTEM 

Eduardo R .  I g l e s i a s  
Ear th  Sciences Div is ion  

Lawrence Berkeley Laboratory 
Univers i ty  of C a l i f o r n i a  

Berkeley, C a l i f o r n i a  94720 

I .  INTRODUCTION 

The geopressured formations of t he  United S t a t e s  Gulf Coast 
are being probed f o r  methane recovery f e a s i b i l i t y .  One of t he  
c r i t i c a l  v a r i a b l e s  involved i s  t h e  amount of methane a c t u a l l y  
d isso lved  i n  t h e  pore b r i n e s .  Sampling and subsequent a n a l y s i s  
o f  t hese  geopressured f l u i d s  i s  t h e r e f o r e  important f o r  t h e  
economic assessment of  t h e  resource .  Thus, i n t e r e s t  i n  u s e  of 
conventional downhole f l u i d  samplers a n d ,  r e c e n t l y ,  i n  develop- 
ment of samplers e s p e c i a l l y  designed f o r  geopressured environ- 
ments,  has  been s t imu la t ed .  

The purpose of t h e s e  t o o l s  i s  t o  ob ta in  f l u i d  samples a t  
r e s e r v o i r  cond i t ions  and t o  br ing  them t o  the  su r face ,  p reserv ing  
t h e i r  i n t e g r i t y ,  f o r  subsequent chemical a n a l y s i s .  The sampling 
process  may be envis ioned as t h e  fol lowing s impl i f i ed  sequence. 
F i r s t  t he  sampler i s  lowered along t h e  wel lbore t o  t h e  r e s e r v o i r  
depth ( h e r e a f t e r  t he  bot tomhole) .  A t  t h e  bottomhole t h e  s a m p l e r  
i s  f i l l e d  with formation f l u i d .  The v a l v e ( s )  a r e  then closed and 
t h e  sampler i s  pul led  back t o  t h e  su r face .  There it  i s  housed 
i n  t h e  wellhead l u b r i c a t o r .  A v a l v e  i s o l a t i n g  t h e  l u b r i c a t o r  from 
t h e  wel lbore i s  then c losed .  The next s t age  i s  t o  d ispose  of t h e  
h o t ,  high pressure  f l u i d  contained i n  t h e  l u b r i c a t o r  i n  order  t o  
reach t h e  sampler.  The sampler i s  then  recovered. F i n a l l y ,  t he  
f l u i d  enclosed i n  t h e  sampler i s  t r a n s f e r r e d  t o  s u i t a b l e  con ta ine r s  
f o r  subsequent chemical a n a l y s i s .  

Pore f l u i d s  i n  geopressured formations a re  subjec ted  t o  very  
high (up  t o  1400 a t m  d o 0 0 0  p s i )  p re s su res ,  and moderately high 
(up  t o  20OoC) temperatures  ( e . g . ,  Dorfman and F i s h e r ,  1979); 
s i g n i f i c a n t  amounts of methane, sodium ch lo r ide  and lesser chemical 
spec ie s  are d i s so lved  i n  t h e  formation waters .  During t h e  sampling 
process  descr ibed  above, t h e  temperatures  of t h e  f l u i d  i n  t h e  s a m p l e r  
i n  t h e  wel lbore may depa r t  s i g n i f i c a n t l y  from t h e  common bottomhole 
va lue ;  fur thermore,  t h e  p re s su re  of t h e  f l u i d  surrounding t h e  sampler 
decreases  with decreas ing  depth.  Correspondingly,  va r ious  e f f e c t s  
a s soc ia t ed  with t h e  thermodynamic p r o p e r t i e s  of t h e  f l u i d s  would be 
induced. These e f f e c t s  may inc lude ;  gas  exso lu t ion ,  both i n  t h e  
sampler and i n  t h e  wel lbore ;  v e r t i c a l  composi t ional  changes along 
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t h e  wel lbore due t o  s l i ppage  between t h e  gas  and t h e  l i q u i d  phase; 
temperature-induced pressure  drops i n  t h e  f l u i d  sample; s u b s t a n t i a l  
changes of  t h e  d i f f e r e n t i a l  p ressure  exe r t ed  on t h e  s a m p l e r  w a l l s ,  
which r e l a t e  t o  poss ib l e  l eaks ;  and formation i n  t h e  sampler of a 
s o l i d  methane hydra te .  

P red ic t ion  of such e f f e c t s ,  and e s t ima tes  of t h e i r  magnitudes 
a r e  use fu l  f o r  both u s e r s  and des igners  of downhole geopressured 
f l u i d  samplers.  For example, t h i s  knowledge may h e l p  i n t e r p r e t  
f i e l d  r e s u l t s ,  be used i n  assessment of sampling cond i t ions  t o  
avoid those  t h a t  favor  leakage of  t h e  sampler,  and suggest s a f e r  
procedure f o r  handl ing t h e  sampler i n  su r face  ope ra t ions ,  as 
w i l l  be shown i n  t h i s  paper.  

This paper i s  devoted t o  p red ic t ing  and q u a n t i t a t i v e l y  e s t ima t ing  
geopressured f l u i d  behavior  dur ing  sampling of r e s e r v o i r s  i n  t h e i r  
n a t u r a l ,  unperturbed cond i t ions .  Both the  f l u i d  i n  t h e  sampler 
and t h e  wel lbore f l u i d  are considered.  To t h a t  end, I have developed 
a simple model ( an ' 'equation of s t a t e " )  t o  es t imate  thennophysical  
p r o p e r t i e s  of  geopressured f l u i d s .  This model i s  b r i e f l y  descr ibed  
i n  Sec t ion  11; f u l l  d e t a i l s  are given elsewhere ( I g l e s i a s ,  1980) .  

I n  Sec t ion  I11 t h e  "equation o f  s ta te"  i s  appl ied  t o  compute 
and d i s c u s s  f l u i d  p r o p e r t i e s  a s soc ia t ed  with the  d i f f e r e n t  s t ages  
of t he  sampling process .  Questions explored inc lude :  t h e  probable  
range of CH4 content  of t he  s a m p l e s ;  p re s su re ,  phase t r a n s i t i o n s ,  
f r a c t i o n  of t o t a l  volume corresponding t o  each phase,  and composition 
of each phase present  i n  t h e  sample, over  t h e  expected range of 
temperatures;  whether and under what condi t ions  t h e  f l u i d  c o l l e c t e d  
a t  wellhead i n  a flowing w e l l  provides  a r e p r e s e n t a t i v e  sample of 
t h e  bottomhole f l u i d  composition; t h e  expected range of f l u i d  
p re s su res  i n  t h e  l u b r i c a t o r ;  and t h e  expected range of d i f f e r e n t i a l  
s t r e s s e s  on t h e  s a m p l e r .  Bottomhole t e m p e r a t u r e s  and p res su res  
g e n e r a l l y  inc rease  with depth i n  t h e  geopressured formations of t h e  
Gulf Coast ( e . g . ,  Dorfman and F i s h e r ,  1 9 7 9 ) .  Thus, two w e l l  dep ths ,  
r ep resen t ing  approximatley t h e  t o p  and t h e  bottom of t h e  geopressured 
zone, w e r e  considered i n  d e t a i l  t o  a s s e s s  e f f e c t s  a s soc ia t ed  with 
depth.  

F i n a l l y ,  r e s u l t s  and recommendations a r e  summarized i n  Sec t ion  I V .  

11. A SIMPLE MODEL FOR GEOPRESSURED FLUIDS 

With t h e  except ion  of a c o r r e c t i o n  f a c t o r  f o r  methane s o l u b i l i t y  
i n  N a C l  s o l u t i o n s ,  I neglec ted  t h e  complicat ions posed by t h e  presence 
of  d i sso lved  s o l i d s  and considered a s y s t e m  composed only of water and 
methane. This approach i s  appropr i a t e  f o r  t h e  e s t ima t ive  purposes 
of t h e  present  work. 
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In  t h i s  model, t h e  thermophysical p r o p e r t i e s  of  t he  water- 
methane mixture  are  formulated i n  terns of f i v e  main v a r i a b l e s ;  
namely, p ressure  P ,  abso lu t e  temperature  T ,  molar volume v ,  mole 
f r a c t i o n  o f  methane i n  the - sys t em A ,  and volumetr ic  gas  s a t u r a t i o n  S .  
The c o n t r i b u t i o n s  of  methane t o  t h e  l iqu id-  and gas-phase molar 
volumes are es t imated  from a c o r r e l a t i o n  ( B r e l v i  and O'Connell, 
19721, and from t h e  i d e a l  gas  l a w ,  r e s p e c t i v e l y .  The corresponding 
q u a n t i t i e s  f o r  l i q u i d  water and steam a r e  es t imated  from t h e  IFC 
Formul a t  ion". 

Methane s o l u b i l i t y  i s  computed from an empir ica l  c o r r e l a t i o n  
(Haas, 1978) ,  which assumes t h a t  steam e x i s t s  i n  t h e  gas  phase a t  
i t s  s a t u r a t e d  pressure  and d e f i n e s  t h e  mrathane p a r t i a l  p ressure  as 
t h e  d i f f e r e n c e  between P and t h e  s a t u r a t i o n  pressure  of  pure steam. 

111. RESULTS AND DISCUSSION 

i> Bottomhole Compositions 

The geopressured b r i n e s  of t h e  Gulf Coast are be l ieved  t o  be 
s a t u r a t e d  with d i s so lved  methane. Methane s o l u b i l i t i e s  i n  water 
and i n  N a C l  s o l u t i o n s  depend on t e m p e r a t u r e  and pressure .  Thus, 
given t h e  ranges of  p re s su res  and temperatures  found i n  t h e  
geopressured formations,  t h e  probable  range of methane conten t  
i n  bottomhole f l u i d  samples can be es t imated  from known s o l u b i l i t i e s ,  
as fol lows.  

Bubble-point curves  f o r  t h e  water-methane system were computed 
from Haas' c o r r e l a t i o n .  These r e s u l t s  a r e  shown i n  Figure 1. The 
shaded area r e p r e s e n t s ,  roughly,  t h e  P ,  T ranges spanned by t h e  
f l u i d s  of t h e  Gulf Coast ( e . g . ,  Dorfman and F i s h e r ,  1979 and 
r e fe rences  t h e r e i n ) .  Assuming t h a t  i n  t h e  unperturbed r e s e r v o i r  
t h e  pore water i s  s a t u r a t e d  wi th  methane, CH4-H20 r a t i o s  can be 
es t imated  from Figure  1 f o r  g iven  p res su res  and temperatures .  
Mult iplying rhese  r e s u l t s  by t h e  f a c t o r  fNaCL, which has  been 
p l o t t e d  i n  F igure  2 as a func t ion  of  t h e  N a C l  con ten t ,  c o r r e c t s  
t h e s e  s o l u b i l i t i e s  f o r  s a l i n i t y  (Haas,  1978).  

From Figure 1, t h e  maximum methane s o l u b i l i t y  i n  t h e  shaded 
area ( f o r  zero  NaCl.) i s  about 14,400 ppm a t  1400 a t m  ( t h i s  
p re s su re  corresponds approximately t o  t h e  bottom of  t h e  geopressured 
zone).  This s o l u b i l i t y  may dec rease  t o  about 5000 ppm, corresponding 
t o  fNaC1 3 0.35 f o r  250,000 ppm of  N a C l  (F igure  2 ) .  Taking 700 
a t m  (corresponding t o  about 3000 m ,  t h e  t o p  of  t h e  geopressured 
zone, i f  t h e  l i t h o s t a t i c  p re s su re  g rad ien t  i s  adopted) ,  t h e  
minimum methane s o l u t i b i l i t y  is about 4000 ppm f o r  zero  N a C l  

" In t e rna t iona l  Formulation Committee, 1967, "A Formulation o f  t h e  
Thermodynamic P r o p e r t i e s  of  Ordinary Water Substance," IFC S e c r e t a r i a t ,  
Verein Deutscher Ingenieure ,  Dusse ldor f ,  Prinz-Georg-Strasse 77/79. 
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(F igure  1) which conver t s  t o  about 1400 ppm f o r  250,000 ppm of N a C 1 .  

Two cases  were considered i n  d e t a i l :  a deep w e l l  ( Z B  = 6000 m) 
r ep resen t ing  an approximate upper l i m i t  t o  t h e  pressures  expected,  
and a "shallow" ( Z B  = 3600 m)  w e l l  sunk t o  near t o  the  top  o f  
t h e  geopressured formations.  The corresponding bottomhole p re s su res  
were es t imated  from t h e  l i t h o s t a t i c  g rad ien t .  Bottomhole temperatures  
were then  picked from Figure  1, and methane s o l u b i l i t i e s  i n  pure water 
computed from inve r s ion  of  P(X,T) as def ined  by Haas. These r e s u l t s  
are presented i n  Table 1. 

i i )  Wellhead 

It i s  appropr i a t e  t o  cons ider  he re  t h e  quest ion of whether 
and under what cond i t ions  does t h e  fllvid co l l ec t ed  a t  wellhead from a 
flowing w e l l  provide a r e p r e s e n t a t i v e  sample of t h e  bottomhole f l u i d  
composition. 

Since u n t i l  t he  present  t ime no geopressured r e s e r v o i r  has  
been under s i g n i f i c a n t  product ion,  t h e  scope of t h i s  paper i s  
l imi t ed  t o  unperturbed r e s e r v o i r s .  In  these  condi t ions  t h e  pore 
f l u i d s  are be l ieved  t o  c o n s i s t  of a s i n g l e ,  l i q u i d  phase s a t u r a t e d  
with methane. Wellbores pene t r a t ing  geopressured r e s e r v o i r s  are 
f i l l e d  with formation f l u i d  due t o  t h e  high pore pressures .  Along 
t h e  wel lbore pressure  decreases  wi:h decreas ing  depth causing gas  
(mostly methane but  a l s o  some steam) exso lu t ion .  Buoyancy then  
t ends  t o  sepa ra t e  t h e  gas bubbles from t h e  parent l i q u i d .  This 
e f f e c t  may cause t h e  f l u i d  composition a t  wellhead t o  d i f f e r  
s i g n i f i c a n t l y  from t h e  bottomhole composition. 

To estimate t h e  wellhead o v e r a l l  composition, s l i ppage  between 
t h e  gas and t h e  l i q u i d  phase must be considered.  The t y p i c a l  
s l i ppage  l eng th ,  A Z ,  a t  wellhead car, be der ived from Z B  and t h e  
r a t i o  of t h e  bubble- l iquid r e l a t i v e  v e l o c i t y ,  v r  t o  t h e  flow 
v e l o c i t y  v f ,  

= ZB (Vr/Vf) 

The extremely high bottomhole p re s su res  imply nea r  sonic  
flow v e l o c i t i e s  when f r i c t i o n  l o s s e s  a r e  considered 
(C. Miller, p r i v a t e  communication). Sound v e l o c i t i e s  may range 
from approximately 1000 m t o  perhaps 100 m s-l ,  depending 
on gas  s a t u r a t i o n ;  a t y p i c a l  va lue  for vr i s  0.5 m ( e .g . ,  
Haberman and Morton, 1953).  Thus A 2  may range up t o  a few hundred 
meters f o r  geopressured w e l l s .  One can t h e r e f o r e  neg lec t  s l ippage  
and t ake  Xw = AB i n  t h e s e  f a s t  f lowing wel l s .  
small bubble regime has  been t a c i t l y  assumed f o r  t h e  wel lbore flow. 
Due t o  the  r e l a t i v e l y  small temperature  g rad ien t s  and high p res su res  
involved,  t h i s  i s  a very  reasonable  assumption; t h i s  assumption i s  
supported by t h e  small  gas  s a t u r a t i o n s  found l a t e r  i n  t h i s  paper. 

In  t h i s  argument, 
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To i n v e s t i g a t e  the  d i f f e r e n t i a l  s t resses  exer ted  on t h e  sampler 
at  su r f ace  l e v e l ,  es t imates  of wellhead pressures  and temperatures  
are needed. For s i m p l i c i t y  I considered s t eady- s t a t e ,  f a s t  f lowing 
w e l l s  f o r  t he  two w e l l  depth cases  descr ibed  above. 

Neglect ing drawdown and f r i c t i o n  e f f e c t s  a s soc ia t ed  with f i n i t e  
flow v e l o c i t y ,  t h e  wellhead pressure  PW w a s  approximated as t h e  
bottomhole p re s su re  minus the  h y d r o s t a t i c  head. The assumed 
s t eady- s t a t e  flow cond i t ions  imply wellhead temperatures  TW not  
f a r  from Tg. Thus, f o r  convenience I assumed a l i n e a r  temperature  
p r o f i l e  f o r  t h e  wel lbore ,  with TW ranging from TB t o  (Tg - 5 O O C ) .  
These temperatures  r e s u l t  i n  small  gas  s a t u r a t i o n s  i n  t h e  we l l ,  
which a r e  n e g l i g i b l e  i n  terms of  mass. Neglect ing the  con t r ibu t ions  
of t h e  gas phase and of  t h e  small  amounts of d i sso lved  methane t o  
t h e  t o t a l  d e n s i t y ,  I approximated P 1  Z P k ( P , T ) .  
computed f o r  t h e  two wel l  depths  considered A r e  shown i n  Table 1. 
Note t h e  small  d i f f e r e n c e s  i n  Pw a r i s i n g  from t h e  temperature  
dependence of t h e  dens i ty .  

Resul t s  so  

From Pw, Tw, and lw, which completely spec i fy  the  thermo- 
dynamic s t a t e  of t h e  system, o t h e r  wellhead v a r i a b l e s  of i n t e r e s t  
such as S ,  x, y and r were computed using the  "equation of  s t a t e . "  
The corresponding results are summarized in T a b l e  1. 

In  add i t ion  t o  y i e ld ing  t h e  wellhead cond i t ions  sought ,  
t hese  r e s u l t s  provide seniquant i t a t i v e  informat ion o f  i n t e r e s t  
f o r  planning a c t u a l  product ion.  This information can be 
summarized as fol lows:  i f  a t  bottomhole cond i t ions  t h e  b r i n e  
i s  sa tu ra t ed  with methane, gas  w i l l  f i r s t  evolve wi th in  t h e  
wellbore e a r l y  i n  t h e  product ion h i s t o r y ,  but  t h e  concomitant 
drawdown w i l l  even tua l ly  r e s u l t  i n  phase sepa ra t ion  wi th in  t h e  
formation. The volume f r a c t i o n  corresponding t o  t h e  gas phase 
anywhere along t h e  wel lbore i s  smal l ,  most l i k e l y  less  than 
about 4 % .  Therefore ,  t h e  flow i s  expected t o  be i n  t h e  s m a l l  
bubble regime. A s u b s t a n t i a l  f r a c t i o n  of t h e  t o t a l  methane 
remains i n  s o l u t i o n  a t  wellhead: about 50% i f  thermal l o s s e s  
along t h e  wel lbore are s i g n i f i c a n t ,  and s u b s t a n t i a l l y  more other-  
w i s e  f o r  t h e  cases  considered (Table 1 ) .  However, t h e  computed 
va lues  of  r a r e  upper l i m i t s  because t h e  a c t u a l  wellhead 
p res su res  w i l l  be smaller  than  shown i n  Table 1 due t o  neglec ted  
f r i c t i o n  lo s ses  and drawdown, and consequent ly  thc-re w i l l  be 
g r e a t e r  methane exso lu t ion .  Note t h a t  t hese  r e s u l t s  apply t o  
t h e  e a r l y  s t ages  of  product ion;  i . e . ,  be fo re  a gas phase develops 
i n  t h e  r e s e r v o i r .  Af t e r  s epa ra t ion  of  t h e  f l u i d  i n  t h e  r e s e r v o i r  
s l i ppage  may become non-negl igible .  

w 

i i i )  Sampler 

This subsec t ion  focuses  on thermodynamic changes ( p r e s s u r e s ,  
phase t r a n s i t i o n s ,  e t c . )  t ak ing  p lace  i n  t h e  f l u i d  sample over  t h e  
expected range o f  temperatures .  
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Neglecting l eaks  and thermal expansion e f f e c t s ,  t h e  s a m p l e r  can 
be regarded as a c losed ,  i sochor i c  s y s t e m .  On t h i s  b a s i s ,  f l u i d  
v a r i a b l e s  of i n t e r e s t  were computed as func t ions  of  temperature  
as the  f l u i d  i s  cooled from TB t o  25OC. The necessary i n i t i a l  
cond i t ions  ( P B ,  TB, A B )  were taken from Table 1. 

Gaseous methane and steam evolve i n  the  process .  The corre-  
sponding gas  s a t u r a t i o n  va lues  range from zero a t  bottomhole 
temperatures  t o  less  than  10% a t  2 5 O C ,  and increase  ( i . e . ,  
c o r r e l a t e ,  v i a  t h e  m u l t i p l e  c o r r e l a t i o n  l i nk ing  depths ,  tempera- 
t u r e s  and p res su res  of geopressured f l u i d s )  with wel l  depth 
(F igure  3 ) .  Methane i s  computed (F igure  4 )  t o  c o n s t i t u t e  i n  
excess  of 98 mole % of  the  gas  phase over the  range of temperatures  
considered;  however, our  model probably underest imates  the  gas  
phase steam mole f r a c t i o n .  The f r a c t i o n  of t o t a l  methane remaining 
i n  s o l u t i o n  c o r r e l a t e s  nega t ive ly  with wel l  depth;  r decreases  a s  
cool ing  proceeds,  u n t i l  a minimum, whose p o s i t i o n  i s  i n s e n s i t i v e  
t o  wel l  depth ,  i s  reached near  T = 50°C (Figure 4 ) .  The minimum 
value  of r ranges upward of 20% ind ica t ing  t h a t  cons iderable  
methane exso lu t ion  w i l l  t ake  place upon depres su r i za t ion  f o r  
s a m p l e  t r a n s f e r ,  even a t  near  ambient temperatures .  

A s  expected, t h e  sampler 's  f l u i d  pressure  c o r r e l a t e s  with 
wel l  depth.  Cooling e f f e c t i v e l y  decreases  the  s a m p l e r ' s  f l u i d  
p re s su res  from bottomhole va lues  of  up  t o  about 1400 atm a t  
2OO0C t o  a maximum value  of about 300 atm a t  2 5 O C ,  where 
c a l c u l a t i o n s  were terminated (F igure  3 ) .  These r e s u l t s  imply 
t h a t  formation of a methane hydra t e ,  t h a t  t akes  p lace  a t  p ressures  
i n  excess  of 4 6 3  atm a t  25OC (Kobayashi and Katz,  1 9 4 9 ) ,  w i l l  
not  c o n s t i t u t e  a problem i f  t h e  s a m p l e r  i s  cooled t o  t h a t  
temperature .  However, t h e  p o s s i b i l i t y  of methane hydra te  for- 
mation i n  and nea r  t r a n s f e r  va lves  e x i s t s  because of poss ib l e  
l o c a l  overcool ing due t o  dep res su r i za t ion ,  i f  t r a n s f e r  i s  attempted 
a t  near  ambient temperatures .  This problem should be e a s i l y  
c o n t r o l l a b l e  by use of l o c a l  hea t ing  ( e . g . ,  e l e c t r i c  wires)  o f  
t h e  a f f e c t e d  zone. 

i v >  D i f f e r e n t i a l  P res su re  

In  t h i s  s e c t i o n  we cons ider  t h e  d i f f e r e n t i a l  p ressure  on the  
s a m p l e r ,  which i s  def ined as 

P = P (sampler  f l u i d )  - P (surrounding f l u i d ) .  
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A s  shown above, t h e  i n t e r n a l  p re s su re  of t h e  sampler i s  c o n t r o l l e d  
by t h e  temperature,  sample volume and composition being cons t an t .  
On t h e  o t h e r  hand, t h e  wellbore f l u i d  p re s su re  i s  mainly c o n t r o l l e d  
by t h e  h y d r o s t a t i c  head. The t y p i c a l  t i m e  taken t o  b r ing  t h e  
sampler  back t o  t h e  su r face  ( a  few hours )  cons iderably  exceeds t h e  
thermal e q u i l i b r a t i o n  t i m e  between t h e  f l u i d  contained i n  t h e  
m e t a l l i c  sampler and t h e  surrounding f l u i d .  Thus, i n  t h e  journey 
t o  t h e  su r face  t h e  f l u i d  sample temperature follows t h e  temperature 
p r o f i l e  of t h e  wel l .  Therefore ,  t h e  i n t e r n a l  and e x t e r n a l  p re s su res  
along t h e  wellbore must be compared a t  t h e  wellbore temperature.  

Assuming, f o r  t h e  sake of t h e  argument, approximately l i n e a r  
p r o f i l e s  f o r  P and T,  t h e  wellbore p re s su re  a t  a given depth i s  
p ropor t iona l  t o  t h e  corresponding temperature.  This l i n e a r  r e l a t i o n s h i p ,  
i f  superimposed on t h e  P-T diagrams of F igures  3 or 7 ,  would appear 
as s t r a i g h t  l i n e s  (one f o r  each well depth)  running between (Pg, TB) 
and (Pw, Tw), t h e  p o i n t s  corresponding t o  bottomhole and 
wellhead cond i t ions  r e s p e c t i v e l y .  For given bottomhole cond i t ions  
t h e s e  s t r a i g h t  l i n e s  would p ivot  around (PB, TB) i f  P, or Tw 
are v a r i e d .  
head. 
t h e  s t r a i g h t  l i n e s  r ep resen t ing  t h e  wellbore f l u i d  p re s su re  i n  t h e  
P-T diagram. The s lope  decreases  wi th  decreas ing  va lues  of T,. 
A t  a given temperature t h e  d i f f e r e n c e  between t h e  curve r ep resen t ing  
t h e  f l u i d  sample p res su re  and t h e  s t r a i g h t  l i n e  r ep resen t ing  t h e  
wellbore f l u i d  p re s su re  f o r  each well  depth i s  AP, t h e  d i f f e r e n t i a l  
p ressure .  For T, s u f f i c i e n t l y  l a r g e ,  t h e  s t r a i g h t  l i n e  l i e s  below 
t h e  f l u i d  sample p re s su re ,  and AP i s  p o s i t i v e .  But decreas ing  T, 
causes the  s t r a i g h t  l i n e  t o  p ivot  around (PB, TB) towards h igh  
pressures,  and e v e n t u a l l y  AP becomes negat ive  i n  t h e  wellbore.  I n  
a c t u a l  w e l l s  t h e  r e l a t i o n s h i p  between wellbore f l u i d  and temperature 
g e n e r a l l y  shows some cu rva tu re .  But t h e  argument made above s t i l l  
a p p l i e s  q u a l i t a t i v e l y .  Thus, i n  "hot" ("cold") w e l l s ,  AP t ends  t o  be 
p o s i t i v e  (nega t ive )  . 

As d i scussed ,  P, i s  determined mainly by t h e  h y d r o s t a t i c  
Therefore T, i s  t h e  main v a r i a b l e  c o n t r o l l i n g  t h e  s lope  of 

A t  wellhead, t h e  sampler  i s  enclosed i n  t h e  l u b r i c a t o r .  The f l u i d  
i n  t h e  l u b r i c a t o r  i s  i s o l a t e d  from t h e  wellbore f l u i d  by means of 
va lves .  In  t h i s  cond i t ion  t h e  f l u i d  i n  t h e  l u b r i c a t o r  is  a t  cons tan t  
volume and composition, n e g l e c t i n g  l e a k s  and thermal expansion. 
Thus, t h e  l u b r i c a t o r  f l u i d  p re s su re  i s  c o n t r o l l e d  by t h e  temperature,  
given t h e  i n i t i a 1 , v a l u e s  of t h e  composition A,, pressure  P, and 
temperature Tw. 

Using A,, P,, and T, from Table 1 as i n i t i a l  cond i t ions ,  
I computed temperature dependent l u b r i c a t o r  f l u i d  q u a n t i t i e s  from 
t h e  "equation of s t a t e " ,  a t  cons tan t  molar volume v and composition 
A ,  f o r  both well depths  cons idered .  Two curves  r e s u l t e d  f o r  each 
q u a n t i t y  (F igu res  5 through 7 )  because f o r  each w e l l ,  two d i f f e r e n t  
wellhead cond i t ions  ( i . e . ,  A,, P,, T,) were considered. 
R e s u l t s  c l o s e l y  resemble those  obtained f o r  t he  sampler. 
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I n  Figure 7 t h e  f l u i d  sample p re s su res  a r e  compared with t h e  
p re s su res  of t h e  surrounding f l u i d  i n  t h e  l u b r i c a t o r  a t  t h e  common 
equ i l ib r ium tempera tures .  This F igure  i n d i c a t e s  t h a t  i n  t h e  l u b r i c a t o r  
AP may be p o s i t i v e  or negat ive .  This comparison i s  v a l i d  f o r  cases  
i n  which the  wellhead parameters dur ing  sampling a r e  comparable t o  
t h e  wellhead parameters of f a s t  flowing w e l l s ,  as def ined  above. 
Negative va lues  of AP are favored when (TB - Tw) 
t e n s  of degrees C .  

-several  

These r e s u l t s  a r e  u s e f u l  t o  a s s e s s  t h e  performance of c e r t a i n  
samplers i n  which t h e  va lves  are kept c losed  by t h e  combined p res su res  
of a sp r ing  and of t h e  i n t e r n a l  ( o r  e x t e r n a l )  f l u i d .  Since t h e  p re s su re  
exe r t ed  by t h e  s p r i n g s  i s  n e g l i g i b l e  with r e spec t  t o  t h e  f l u i d  p re s su res  
involved, t h e s e  samplers w i l l  l e ak  when AP i s  nega t ive  ( p o s i t i v e ) .  

v )  Sampler Recovery 

High (up  t o  about 840 atm) i n t e r n a l  pressures  are expected f o r  
t h e  l u b r i c a t o r  a t  s t eady  s ta te  wellhead temperatures.  Even h igher  
i n t e r n a l  p re s su res ,  up t o  e s s e n t i a l l y  PB, are a l s o  ind ica t ed  f o r  
t h e  sampler. These high p res su res  a r e  accompanied by high tempera- 
t u r e s  i n  a s a l i n e  ambient which may inc lude  s u l f u r  (and o t h e r )  
compounds, r e s u l t i n g  i n  e s p e c i a l l y  favorable  cond i t ions  f o r  micro- 
c rack  development t h a t  may r e s u l t  i n  c a t a s t r o p h i c  m a t e r i a l  f a i l u r e s .  
Rot, high p res su re  l eaks  through j o i n t s  and va lves  c o n s t i t u t e  another 
unpleasant p o s s i b i l i t y .  These circumstances bear not only on t h e  
m a t e r i a l  a s p e c t s  of sampling geopressued f l u i d s ,  but a l s o  on t h e  
r i s k  l e v e l  faced by t h e  crew i n  charge of sampler recovery. 

A simple procedure,  which would s i g n i f i c a n t l y  l e s s e n  t h e  m a t e r i a l  
and personal r i s k s  concomitant with sampler  recovery,  i s  suggested by 
t h e  r e s u l t s  of t h i s  s e c t i o n .  'Itiis procedure c o n s i s t s  of two s t e p s .  
F i r s t ,  t h e  l u b r i c a t o r  i s  i s o l a t e d  from t h e  f l u i d  flow by c l o s i n g  
appropr i a t e  v a l v e s ,  t o  minimize thermal con tac t .  Then the  l u b r i c a t o r  
i s  e x t e r n a l l y  cooled down t o  near  ambient temperatures.  The second 
s t e p  would s u b s t a n t i a l l y  decrease  t h e  i n t e r n a l  pressures  of both t h e  
l u b r i c a t o r  and t h e  sampler (F igure  7). Thermal shocks on the sampler 
would be minimized t h i s  way. This procedure has the  added advantage of 
minimizing t h e  d i f f e r e n t i a l  p ressure  f e l t  by t h e  sampler wal ls .  For 
example, i n  t h e  extreme cond i t ions  r.orresponding t o  t h e  deep w e l l  case  
AP may reach (F igure  7 )  a maximum va lue  of 554 a t m ,  as compared t o  
1400 a t m  i f  no cool ing  were performed; t h e  va lue  of AP would be reduced 
t o  e s s e n t i a l l y  t h e  i n t e r n a l  sampler  p re s su re  of 310 atm, a t  recovery,  i f  
t h e  l u b r i c a t o r  were brought t o  25% befo re  p re s su re  r e l e a s e .  

A s imple  model f o r  t h e  "equation of s t a t e "  of t h e  H20 - CH4 system 
has  been used t o  p r e d i c t  f l u i d  behavior during sampling ope ra t ions  of 
unexploited geopressured r e s e r v o i r s  of t h e  United S t a t e s  Gulf Coast. The 
main r e su l t s  are as follows. 
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The methane conten t  of t h e  f l u i d  samples may vary  widely,  from 
about 1400 ppm t o  about 14400 pm. The former f i g u r e  corresponds t o  
hypo the t i ca l ,  h igh ly  s a l i n e  (250,000 ppm NaC1) samples from near  t h e  
t o p  of t h e  geopressured zone; t h e  l a t e r  f i g u r e  corresponds t o  
hypo the t i ca l ,  ve ry  low s a l i n i t y  samples from near  t h e  bottom of t h e  
geopressured zone. Sample methane conten t  tends t o  inc rease  r ap id ly  
with inc reas ing  bottomhole temperatures  and p res su res ,  and t o  
decrease  with inc reas ing  s a l i n i t y .  

When a geopressured w e l l  i s  i n i t i a l l y  t e s t e d ,  t h e  o v e r a l l  
( l i q u i d  and gas  phases included)  concent ra t ion  of methane a t  
wellhead d i f f e r s  n e g l i g i b l y  from t h a t  of t h e  r e s e r v o i r  f l u i d ,  i f  
l a r g e  f lowra tes  ( v e l o c i t i e s  2 100 m s - l )  occur .  
an approximate check on r e s u l t s  obtained with samplers.  

This provides  

A t  su r f ace  temperatures  (assumed t o  range approximately from 
25OC t o  nea r ly  2OO0C), and before  dep res su r i za t ion ,  t h e  f l u i d  
samples  c o n s i s t  of a two-phase mixture  ( l i q u i d  and g a s ) ,  but  gas 
s a t u r a t i o n s  are s m a l l  (5 10% by volume) and s i g n i f i c a n t  f r a c t i o n s  
(2 20%) o f  CH4 remain i n  s o l u t i o n ,  i n d i c a t i n g  cons iderable  methane 
exso lu t ion  upon depres su r i za t ion  f o r  sample t r a n s f e r .  This informa- 
t i o n  i s  u se fu l  i n  planning procedures  and hardware f o r  f l u i d  sample 
trans f e r .  

Cooling r ap id ly  decreases  sample p re s su res ,  e .g .  f rom bottomhole 
va lues  of up t o  about 1400 a t m  a t  2OO0C t o  a maximum value  o f  
about 300 a t m  a t  25OC. Therefore ,  formation of a methane hydra t e ,  
t h a t  t akes  p lace  a t  p re s su res  i n  excess  o f  463 a t m  at  2 5 O C ,  i s  not 
normally expected i n  t h e  sampler before  t r a n s f e r .  However, l o c a l  
overcool ing due t o  d e p r e s s u r i z a t i o n  concomitant with sample t r a n s f e r  
might cause methane hydra te  formation i n  and near  t r a n s f e r  va lves .  

The d i f f e r e n t i a l  p re s su res  exer ted  on the  sampler may be p o s i t i v e  
o r  nega t ive ,  depending on t h e  wel lbore temperature  p r o f i l e .  Subs tan t i a l  
temperature  g r a d i e n t s  along t h e  wel lbore (TB - Tw 
degrees  C) favor  s i t u a t i o n s  where t h e  e x t e r n a l  f l u i d  p re s su res  exceed t h e  
i n t e r n a l  pressure .  This  i n d i c a t e s  t h a t  samplers r e l y i n g  on a combination 
of  sp r ing  and i n t e r n a l  ( e x t e r n a l )  f l u i d  pressure  t o  keep t h e  va lve ( s )  
c losed  w i l l  l e ak  when used i n  "cold", non-preheated (Ithot", preheated)  
we l l s .  

s eve ra l  t e n s  of 

F i n a l l y ,  a s i m p l e  procedure t o  reduce personal  and m a t e r i a l  r i s k s  
a s soc ia t ed  with sampler recovery i s  suggested.  It c o n s i s t s  of  
e x t e r n a l l y  cool ing  t h e  c losed  l u b r i c a t o r  conta in ing  t h e  sampler t o  
near  ambient temperatures .  This would s u b s t a n t i a l l y  decrease  the  
i n t e r n a l  pressures  of both t h e  l u b r i c a t o r  and t h e  sampler,  and a l s o  
t h e  d i f f e r e n t i a l  p ressure  exe r t ed  on t h e  sampler. 
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NOMENCLATURE 
Variables 

fNaC-: Correction f a c t o r  for CH4 s o l u b i l i t y  in NaCl s o l u t i o n s  
n :  mole number 
P: pressure 

I= n / ( n L  + n 2 ) :  

S: volume f r a c t i o n  corresponding t o  t h e  gas phase 
T : 

L G 
2 2  

temper a t u r  e 

f r a c t i o n  of t o t a l  methane i n  t he  l i q u i d  phase 
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NOMENCLATURE 
Var iab les  (cont inued)  

v :  molar volume 
x: CH4 mole f r a c t i o n  in t h e  l i q u i d  phase 
y :  CH4 mole f r a c t i o n  i n  t h e  gas  phase 
z: w e l l  depth 

A: = (n2L + n2G)/[(n2L + n2G) + (nlL + n lG>I :  
mole f r a c t i o n  of methane i n  t h e  system 

SuDer- and sub-indexes 

B: bottomhole cond i t ions  
G :  gas  phase 
L: l i q u i d  phase 
W:  wellhead cond i t ions  

1: H 2 0  
2 :  CHb 
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An Eva lua t ion  o f  Geopressured Br ine  I n j e c t a b i l i t y  

L. B. Owen, C. K. B l a i r ,  *J. E. Harrar  and *R. Netherton 
Ter ra  Tek, I nc . ,  420 Wakara Way, S a l t  Lake City, Utah 84108 

INTRODUCTION 

New concepts f o r  t he  h igh  temperature/high pressure recovery 
o f  methane from geopressured b r i n e  have been developed by Lawrence 
Livermore Nat iona l  Laboratory (LLNL). 1-2 The pr imary  o b j e c t i v e  o f  
these methane recovery processes i s  t o  preserve s u f f i c i e n t  hydrau- 
l i c  energy t o  d r i v e  the  subsequent subsurface d isposal  o f  spent 
b r i n e  e f f l u e n t s  a t  subs tan t i a l  reduc t ions  i n  opera t ing  and main- 
tenance cos ts  associated w i t h  use o f  i n j e c t i o n  pumps. However, a 
key element i n  determin ing the  f e a s i b i l i t y  o f  t h e  o v e r a l l  methane 
recovery process i s  t he  need t o  q u a n t i t a t i v e l y  e s t a b l i s h  i n j e c t -  
a b i l i t y  c h a r a c t e r i s t i c s  o f  geopressured b r i n e  a t  e leva ted  tempera- 
t u r e  and pressure.  

We-have developed an apparatus w i th  a c a p a b i l i t y  f o r  evaluat -  
i n g  geopressured b r i n e  i n j e c t a b i l i t y  a t  e leva ted  pressures and 
temperatures. The apparatus u t i l i z e s  membrane f i l t e r s  as i n j e c -  
t i o n  zone r e s e r v o i r  analogs and permi ts  i n j e c t a b i l i t y  t e s t s  t o  be 
performed i n  accordance w i t h  Barkman and Davidson M e t h ~ d o l o g y . ~  
A f i e l d  eva lua t i on  o f  geopressured b r i n e  i n j e c t a b i l i t y  was com- 
p l e t e d  du r ing  September 22-25, 1980 a t  t he  DOE, Brazor ia  t e s t  s i t e  
i n  Texas. Membrane f i l t e r s ,  w i t h  pore s izes  o f  0.4-pm and 10.0-pm, 
were used as the  bas i s  f o r  o b t a i n i n g  suspended s o l i d s  data and f o r  
develop ing per fo rmance- l i fe  est imates o f  t y p i c a l  spent b r i n e  
i n j e c t i o n  we l l s .  F i e l d  measurements were made a t  13OOC and l i n e  
pressures up t o  3800 ps ig .  Scale i n h i b i t e d  (phosphonate-polyacry- 
l a t e  threshold- type,  carbonate scale i n h i b i t o r ) ,  p r e f i l t e r e d -  
sca le - i nh ib i t ed ,  and raw (unt reated)  b r i n e  were evaluated. Test  
r e s u l t s  i n d i c a t e d  raw b r i n e  was h i g h l y  i n j e c t a b l e ,  w h i l e  scale- 
i n h i b i t e d  b r i n e  had extremely low q u a l i t y .  The poor i n j e c t -  
a b i l i t y  o f  s c a l e - i n h i b i t e d  b r i n e  r e s u l t e d  from p a r t i a l  p r e c i p i t a -  
t i o n  o f  t he  scale i n h i b i t o r .  

INJECTABILITY TESTING METHODOLOGY 

The most r e l i a b l e  method o f  e s t a b l i s h i n g  water q u a l i t y  i n  
con junc t i on  w i t h  f u l l - s c a l e  i n j e c t i o n  t e s t s  i s  based on the  use o f  
membrane f i l t e r s  (and core samples) as analogs o f  t he  i n j e c t i o n  
format ion.  3-11 Membrane f i l t r a t i o n  data reveal  the  m a t r i x  perme- 
ab i  1 i ty  impai rment p o t e n t i a l  o f  i n j e c t e d  water r e s u l t i n g  from 
scale fo rmat ion  o r  depos i t i on  o f  suspended so l i ds .  Loss o f  d i s -  
posal  capac i ty  r e s u l t i n g  from i n s u f f i c i e n t  d isposal  fo rmat ion  vo l -  
ume, p r e - e x i s t i n g  s k i n  damage, o r  o the r  r e s e r v o i r  i n s u f f i c i e n c i e s ,  
however, cannot be d i r e c t l y  i d e n t i f i e d  by f i l t r a t i o n  t e s t s .  

*Un ive rs i t y  o f  C a l i f o r n i a ,  Lawrence Livermore Nat iona l  Laboratory. 



-99- 

S i m i l a r l y ,  f a c t o r s  which may favorab ly  impact d isposal  capac i ty  
such as the  presence o f  h igh  pe rmeab i l i t y  t h i e f  zones o r  f r a c t u r e s  
w i t h i n  the  d isposal  i n t e r v a l  cannot be d i r e c t l y  accounted f o r  by 
t h e  membrane f i l t r a t i o n  methodology. 

Se lec t i on  o f  membrane f i l t e r s  w i t h  the  appropr ia te  pore s i z e  
f o r  t he  work repo r ted  he+e was based on an emp i r i ca l  method des- 
c r i b e d  by Champlin e t  a1,12 which permi ts  c a l c u l a t i o n  o f  mean 
fo rmat ion  pore s i z e  i f  format ion p o r o s i t y  and pe rmeab i l i t y  a re  
known. We se l  ected Nucl epore, polycarbonate,  10-pm pore s i z e  
membrane f i  1 t e r s  as conservat ive analogs o f  shal  l o w ,  h igh  perme- 
a b i l i t y  d isposal  zones. Nuclepore, polycarbonate membrane f i l t e r s  
w i t h  0.4-pm pore s ize ,  were a l so  used t o  ob ta in  base l ine  suspended 
s o l i d s  da ta  and as conservat ive analogs o f  deep geopressured d i s -  
posal  zones where fo rmat ion  pe rmeab i l i t y  might  be l e s s  than 100md. 

TEST APPARATUS DESIGN 

A schematic o f  t he  i n j e c t a b i l i t y  t e s t  apparatus i s  shown i n  
F igure  1. The t e s t  frame, based on p rev ious l y  f i e l d  proven de- 

was connected, as a bypass system, t o  the  main s i t e  
f l o w  system, shown schemat ica l ly  i n  F igure  2, v i a  a s u i t a b l y  
designed h igh  pressure mani fo ld .  I n j e c t a b i l i t y  t e s t s  were c a r r i e d  
ou t  a t  constant  d i f f e r e n t i a l  pressure across the  f i l t r a t i o n  mem- 
brane. Coarse and f i n e  c o n t r o l  valves were used t o  i n i t i a l l y  s e t  
and ma in ta in  d i f f e r e n t i a l  pressure. Cumulative f l o w  and ins tan -  
taneous f l o w r a t e  were obta ined by d i r e c t  measurement us ing  2 l i t r e  
graduated cy l i nde rs .  F lash ing  o f  t he  b r i n e  f o l l o w i n g  passage 
through the  membrane f i l t e r  was prevented by use o f  a water-  
cooled, Inconel-600 heat exchanger upstream o f  t he  f i n a l  c o n t r o l  
valve.  A l l  system p i p i n g  was const ructed from Inconel-600 h igh  
pressure t u b i n g  f o r  adequate co r ros ion  c o n t r o l .  Valves and f i t -  
t i n g s  were made o f  316 s t a i n l e s s  s t e e l .  The system was designed 
f o r  i n - l i n e  t e s t i n g  o f  geopressured b r i n e  a t  pressures and temper- 
a tu res  t o  2000 p s i  and 1 5 O o C ,  respec t i ve l y .  I n c l u s i o n  o f  t h e  
by-pass man i fo ld  pe rm i t ted  t e s t i n g  geopressured b r i n e  a t  we1 1 head 
pressure t o  4000 ps ig .  

INJECTION WELL HALF-LIFE ESTIMATES 

H a l f - l i f e  est imates f o r  the  Brazor ia  t e s t  s i t e  b r i n e  d isposal  
w e l l  were c a l c u l a t e d  a f t e r  t he  method o f  Barkman and Davidson3 f o r  
a constant  pressure drop process (Appendix I). The c a l c u l a t e d  
h a l f - l i f e  i s  t he  t ime requ i red  f o r  the  i n j e c t i o n  r a t e  t o  dec l i ne  
t o  one-hal f  o f  i t s  i n i t i a l  value. Disposal w e l l  impairment was 
c a l c u l a t e d  f o r  t h e  cases o f  w e l l  bore narrowing and invas ion.  Well 
bore narrowing r e s u l t s  when a f i l t e r  cake forms on the  sand face 
and then b u i l d s  inward even tua l l y  p a r t i a l l y  f i l l i n g  the  w e l l  bore. 
The invas ion  model accounts f o r  pene t ra t i on  o f  t he  d isposal  forma- 
t i o n  by f i n e  suspended s o l i d s  which u l t i m a t e l y  form an i n t e r n a l  
f i l t e r  cake w i t h i n  t h e  d isposal  format ion.  Relevant format ion and 
i n j e c t i o n  parameters t h a t  form t h e  bas is  f o r  t he  h a l f - l i f e  e s t i -  
mates are  prov ided i n  Table 1. H a l f - l i f e  est imates are  prov ided 
i n  Table 2.  
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Figure 1. SIMPLIFIED SCJiEMTIC of THE IIEWRAHE FILTRATION 
INJECTABILITY TEST APPARATUS 

Figure 2.  QENERALIZED SCHEMATIC OF DOE'S 
BRAZORIA QEOPRESSURED -QEOTHERMAL TEST SYSTEM 

t i l  VI'RL S W U L O  RR I I IE 
P R O D U C l l U l  YCLL 
(p leasant  bayou no. 

TABLE 1 

ASSUMED DISPOSAL FORMTION AN0 INJECTION PARAMETERS: 
DOE'S BRAZORIA GEOPRESSURED-GEOTHERML TEST SITE 

B r i n e  Temperature. . . . . . . . . . . . . . . . .  130°C 
B r i n e  S a l i n i t y  . . . . . . . . . . . . . . . . . .  13.5 w t  % NaCl 
B r i n e  Dens i ty  . . . . . . . . . . . . . . . . . .  1.1 g/cc 
B r i n e  V i s c o s i t y  . . . . . . . . . . . . . . . . . .  0.32 cp 

I n j e c t i o n  Rate . . . . . . . . . . . . . . . . . .  22,000 BBL/Day 
Radius o f  I n j e c t i o n  Tubing . . . . . . . . . . . .  0.0699 m 
Length o f  I n j e c t i o n  I n t e r v a l  . . . . . . . . . . .  53 m 

I n j e c t i o n  Format ion P e r m e a b i l i t y  . . . . . . . . .  1000 md 
I n j e c t i o n  Format ion P o r o s i t y  . . . . . . . . . . .  2oX 
Radius o f  E f f e c t  . . . . . . . . . . . . . . . . .  182.9 m 
I n v a s i o n  Radius. . . . . . . . . . . . . . . . . .  3.05 m 

F i l t e r  Cake Dens i ty  . . . . . . . . . . . . . . .  2.70 g/cc 
Exposed Area o f  Membrane F i l t e r s  . . . . . . . . .  1 3 . 2  c d  
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A 'summary o f  average suspended s o l i d s  data f o r  the  B razo r ia  
system i s  p rov ided i n  Table 3. I f  we assume an average suspended 
s o l i d s  concent ra t ion  o f  11.8 mg/l i s  supp l ied  t o  the  i n j e c t i o n  
w e l l  a t  a b r i n e  f l o w  r a t e  o f  22,000 BBL/day, then approximately 
91 pounds o f  s o l i d s  would be deposi ted i n  the  i n j e c t i o n  w e l l  on a 
d a i l y  bas is  (16.5 tons pe r  year) .  The suspended s o l i d s  data sug- 
ges t  t h a t  about 24% o f  - t h e  suspended s o l i d s  i n  t h e  i n j e c t i o n  l i n e  
are  l e s s  than 10-pm i n  diameter. 

The t e s t  r e s u l t s  i nd i ca ted ,  as shown i n  F igure  3, t h a t  b r i n e  
t r e a t e d  w i t h  sca le  i n h i b i t o r  had extremely low q u a l i t y  even a f t e r  
passage through the  gas separator.  B r ine  which was p r e f i l t e r e d  
w i t h  a 1-pm pore s i z e  Cuno c a r t r i d g e  f i l t e r  had h igh  q u a l i t y .  
U l t i m a t e l y  i t  was demonstrated, by tempora r i l y  i n t e r r u p t i n g  the  
i n j e c t i o n  o f  sca le i n h i b i t o r ,  t h a t  t he  scale i n h i b i t o r  i t s e l f  was 
the  cause o f  t he  poor i n j e c t a b i l i t y  c h a r a c t e r i s t i c s  o f  t he  b r ine .  
Untreated b r i n e  had equ iva len t  o r  h igher  q u a l i t y  than p r e f i l t e r e d  
s c a l e - i n h i b i t e d  b r ine !  

The s o l i d s  c o l l e c t e d  on severa l  o f  t he  membrane f i l t e r s  were 
analyzed by x - ray  d i f f r a c t i o n  and by energy d i spe rs i ve  x- ray 
f luorescence (EDAX) i n  con junc t ion  w i t h  scanning e l e c t r o n  micro- 
scopy. When no i n h i b i t o r  was be ing  i n jec ted ,  t he  small q u a n t i t y  
o f  s o l i d s  were most ly  s i l i c o n ,  perhaps sand from the  format ion,  
and some p a r t i c l e s  o f  BaSO,. When the  i n h i b i t o r  was being i n j e c t -  
ed, a l a r g e  amorphous component was present  i n  t h e  s o l i d s ,  which 
was r i c h  i n  phosphorous, calc ium, sodium, and ch lo r i ne .  This  i s  a 
s t rong i n d i c a t i o n  t h a t  t h e  phosphonate i n h i b i t o r  e i t h e r  p r e c i p i -  
t a t e d  d i r e c t l y  o r  reac ted  w i t h  the  b r i n e  ca lc ium t o  form a p r e c i -  
p i t a t e ,  and i n  the  process occuluded some o f  t he  b r i n e  NaC1. 
C a l c i t e  cou ld  n o t  be i d e n t i f i e d  i n  the  s o l i d s . f r o m  the  b r i n e  being'  
i n j e c t e d .  

CONCLUSIONS 

Test  r e s u l t s  and subsequent ana lys i s  o f  f i 1 t e r e d  so l  i d s  
demonstrated conc lus i ve l y  t h a t  t he  th resho ld  carbonate scale 
i n h i b i t o r ,  which was i n j e c t e d  i n t o  the  t o p  o f  a two-phase (noncon- 
densable gases-brine) mix tu re ,  upstream o f  the wel lhead choke, 
caused p r e c i p i t a t i o n  o f  up t o  15  ppm o f  suspended s o l i d s .  The 
suspended s o l i d s  c a r r i e d  through the  gas separator  and u l t i m a t e l y  
were deposi ted w i t h i n  the  i n j e c t i o n  w e l l  and/or t he  i n j e c t i o n  
format ion.  I n  t h e  absence o f  sca le i n h i b i t o r ,  t he  raw geopressured 
b r i n e  had extremely h igh  q u a l i t y .  

Based on these r e s u l t s ,  i t  can be concluded t h a t  Brazor ia  
b r i n e  has h igh  i n j e c t a b i l i t y  a t  pressures va ry ing  from 380 t o  3800 
p s i  , even a f t e r  gas separat ion,  p rov ided scale c o n t r o l  a d d i t i v e s  , 
i f  requ i red ,  do n o t  degrade b r i n e  q u a l i t y .  

It i s  o f  i n t e r e s t  t o  speculate about t h e  f a c t  t h a t  t h e  i n j e c -  
t i o n  w e l l  a t  t h e  B razo r ia  s i t e  (Pleasant Bayou No. 1) cont inued t o  
accept low q u a l i t y  b r i n e  w i t h  a moderate r a t e  o f  back-pressure 
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buildup while half-life estimates predicted an extremely short 
operating life for the well. A plausible explanation for this 
apparent anomalous behavior is related to the rather unique com- 
pletion of the injection well. 

The injection well was originally designed as a production 
well. However, problems encountered during drilling necessitated 
plugging of the borehole back from 15,675 ft. to about 8,500 ft. 
The hole was then recompleted for use as a disposal we1 1. 

Our half-life estimates were based on an injection interval 
o f  about 160 feet. However, if brine was able to flow past the 
cement retainer, at the bottom of the completion interval, via an 
annulus behind the casing, then the actual injection interval 
could have been literally thousands of feet in length. Altering 
the injection interval length by a factor of 20 to 30 would be 
sufficient to yield much longer half-life estimates. 
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TABLE 3 

SUMRY OF SUSPENDED SOLIDS DATA FOR THE 
DOE-BRAZORIA GEOPRESSURED TEST S I T E  

B r i n e  Source 

LN-Series 
Low Pressure I n j e c t i o n  
L i n e  (400 P S l C ;  130'C) 

"-Series 
Moderate Pressure Pro- 
d u c t i o n  (800 P S I C ;  130'C) 

HN- Ser i es 
H igh  Pressure Wellhead 
(3800 P S I G ;  130'C) about 
5 f e e t  upstream o f  scale 
i n h i b i t o r  i n j e c t i o n  p o r t  

Membrane 
F l l t e r  

Pore S i z e  
-fk!!TL 

0.4 
10.0 
10.0 

0.4 
0.4 
10.0 
10.0 

0.4 
1 0 . 0  
10.0 

Carbonate 
Scale 

1-mm I n h i b i t o r  
Pre f  i 1 t e r  (PPM) 

No 50 
N O  50 
No 0 

No 50 
Yes 50 
No 50 

Yes 50 

No 50 
No 50 
No 0 

5 us p e n d e d 
So l ids  (mg/l) 

10.8 
8 . 2  
0.02 

13.5 

11.8 
0 . 0 1  

0.03 

1.1 
0.5 
0.03 

where: 

APPENDIX I: HALF-LIFE CALCULATIONS 

Tk = (F)(G) 

T = I n j e c t i o n  w e l l  h a l f l i f e  4 

where: F = t i m e  t o  f i l l  t he  we l l bo re  w i t h  s o l i d s  a t  t he  
i n i t i a l  f l o w  r a t e  (years )  

r = we l lbore  rad ius  (meters) 
W 

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

i = i n i t i a l  i n j e c t i o n  r a t e  (STBD) 

w = Concent ra t ion  suspended s o l i d s  (pg/g) 

pc/pw = dens i t y  r a t i o ,  f i l t e r  cake: b r i n e  

from c a l c u l a t i o n  o f  t he  water q u a l i t y  r a t i o  g i ven  by: 
Estimates o f  the  p e r m e a b i l i t y  o f  f i l t e r  cakes were developed 

where: w = 

K =  

5 =  
C 

(3)  

pc = 

PW = 

A =  

AP = 

l J =  

weight concen t ra t i on  o f  s o l i d s  i n  water (pg/g) 

f i l t e r  cake p e r m e a b i l i t y  (md) 

s lope o f  cumula t ive  volume vs. square r o o t  o f  t ime 
(ml/&in) 5 i s  determined by l i n e a r  regress ion  o f  
t h e  l i n e a r  p o r t i o n  o f  t h e  f i l t r a t i o n  curve. 

b u l k  dens i t y  o f  f i l t e r  cake (gm/cm3) 

dens i t y  o f  water (gm/cm3) 

exposed area o f  f i l t e r  cake fcm2) 

t o t a l  p ressure  d i f f e r e n t i a l  across f i l t e r  (ps i )  

f l u i d  v i s c o s i t y  (cp) 

Equations y i e l d i n g  exac t  G- fac tors  f o r  we l lbore  narrowing and 
invas ion  are  g iven i n  Reference 3. 

I 

0 
P 
I 
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PRELIMINARY TEST RESULTS OF THE FIRST GEOPmSSUFED-GEOTHERMAL 

DESIGN WELL, BRAZORIA COUNTY, TEXAS 

R. C .  MacDonald 
M.H. Dorfman 

The U n i v e r s i t y  of  Texas a t  A u s t i n  

INTRODUCTION 

The P l e a s a n t  Bayou /I2 Geopressured-Geothermal t es t  w e l l  w a s  
completed i n  t h e  summer of 1979. The C sand of t h e  F r i o  f o r m a t i o n  
w a s  s e l e c t e d  f o r  comple t ion  on t h e  b a s i s  of c o r e  a n a l y s i s ,  w e l l  l o g s ,  
and d r i l l s t e m  tests.  The pu rpose  of t h i s  paper  i s  t o  summarize t h e  
r e s u l t s  of t h e  s h o r t  t e r m  p r o d u c t i o n  tes ts  r u n  on t h e  P l e a s a n t  Bayou 
112 w e l l  d u r i n g  1979 and t h e  F a l l  o f  1980. These tests were ana lyzed  
u s i n g  c o n v e n t i o n a l  t r a n s i e n t  p r e s s u r e  tes t  a n a l y s i s  methods.  

The most s i g n i f i c a n t  t e s t  r u n  d u r i n g  1979 w a s  a t e n  day drawdown 
tes t  from December 3 t o  December 14 fo l lowed  by a 20 day  b u i l d u p  
p e r i o d ,  d u r i n g  which r e s e r v o i r  p r e s s u r e  r e s p o n s e  w a s  obse rved .  A f t e r  
a h i a t u s  of n i n e  months,  a second p r o d u c t i o n  t es t  w a s  conducted o v e r  
a p e r i o d  of 45 d a y s  beg inn ing  on September 1 6 ,  1980. The w e l l  w a s  
s h u t  i n  on October 31,  1980. P r e s s u r e  b u i l d u p  d a t a  c o n t i n u e s  t o  b e  
mon i t e red .  

Both p r o d u c t i o n  tests i n d i c a t e  a f o r m a t i o n  p e r m e a b i l i t y  of 200 
m i l l i d a r c i e s .  The p r e s e n c e  of a p e r m e a b i l i t y  i n t e r r u p t i o n  l o c a t e d  
a p p r o x i m a t e l y  3700 f e e t  from t h e  w e l l b o r e  i s  a l s o  sugges t ed  by t h e s e  
t e s t s .  

During the l a s t  p r o d u c t i o n  t e s t ,  a producing gas-water r a t i o  of 
20 s t a n d a r d  c u b i c  f e e t  pe r  b a r r e l  of produced water w a s  obse rved .  An 
a d d i t i o n a l  9-12 s t a n d a r d  c u b i c  f e e t  of g a s  p e r  b a r r e l  w a s  found i n  
t h e  water downstream of t h e  s e p a r a t o r .  The t o t a l  gas-water r a t i o  of 
29-32 SCF/bbl i s  i n  r e a s o n a b l e  agreement w i t h  l a b o r a t o r y  d a t a  and 
c o r r e l a t i o n s  f o r  t h i s  produced b r i n e .  

The major growth f a u l t  which forms t h e  r e s e r v o i r  boundary t o  t h e  
no r thwes t  of t h e  w e l l  i s  e v i d e n t  from t h e  p r e s s u r e  drawdown d a t a  
o b t a i n e d  d u r i n g  t h e  l a s t  p r o d u c t i o n  p e r i o d .  The l a s t  p r o d u c t i o n  tes t  
a l s o  i n d i c a t e s  a n  a p p a r e n t  r a t e  dependent  s k i n  e f f e c t .  

RESERVOIR PARAMETERS 

The C sand r e s e r v o i r  i s  s e p a r a t e d  from t h e  o t h e r  sand members of 
t h e  F r i o  f o r m a t i o n  by s h a l e  zones .  A s  shown on t h e  i s o p a c h  map of t h e  
C sand = f t e r  Bebout e t  a1 ( l ) ,  F i g u r e  1 ,  t h e  r e s e r v o i r  i s  approxim3:ely 
30  m i l e s  long i n  t h e  sou thwes t -no r theas t  d i r e c t i o n  a l o n g  t h e  major  
growth f a u l t  which bounds t h e  r e s e r v o i r  and a v e r a g e s  5 m i l e s  i n  w i d t h  
p e r p e n d i c u l a r  t o  t h i s  major  f a u l t .  The C sand r e s e r v o i r  body may b e  
fragmented by c r o s s  f a u l t i n g  p e r p e n d i c u l a r  t o  t h e  major  f a u l t .  However, 
t h e  e f f e c t s  of t h i s  c r o s s  f a u l t i n g  on r e s e r v o i r  c o n t i n u i t y  must a w a i t  
t h e  r e s u l t s  of f l o w  t e s t i n g  ove r  extended p r o d u c t i o n  p e r i o d s .  
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I IXTLAN DE LOS HERVORES, MICH. 

This field is located East of Lago de Chapala, at an altitude 
of 1,535 m (a.s.1.). In this area there are thermal manifestations 
of high intensity in more than 2 km2, mainly hot springs which have 
a temperature of 90°C, boiling mud lagoons, fumaroles and steam 
vents. Geological, geochemical and geophysical studies have been 
made in this area. Three wells of large dianeter have been drilled 
with one of them discharging a low entalphy steam-water mixture for 
more than 20 years. To determine the potential of this area, deep 
drilling is planned. 

LOS NEGRITOS, MICH. 

This field is located at the intersection of La Sierra Madre 
Oriental and the Eje Neovolcbnico. It is East of Lago de Chapala, 
27 km of the Ixtl5n de Los Hervores field, at an altitude of 1,535 m 
(a.s.1.) .  This is a flat area characterized by a great number of 
thermal manifestations such as mud volcanos and bubbling ponds with 
temperatures of 4 0  to 90°C. Geological, geochemical and geophysical 
studies have been performed in this area. Twenty wells of 100 to 
400 m deep were drilled to measure thermal qradients obtaining in 
some of them low pressure, water steam discharges. One well of 
700 m deep was drilled obtaining a flow of low enthalpy. 

EXPLORATIONS IN LOS HUMEROS, PUEBLA 

This field is located in the State of Puebla, 30 km West of 
Ciudad Perote, Ver. 
According to these studies, this area is very promising for cormer- 
cia1 exploitation. Los Humeros, El Xalapazco and Las Derrumbadas 
are the most outstanding for their geothermal activity. At present, 
it is planned to start exploratory drilling in the first months of 
1981. 

Studies have been made in an area of 7,000 km2- 

GOALS OF GEOTHERMAL E N E R G Y  I N  M E X I C O  FOR T H E  NEAR F U T U R E  

The geothermal resources that are being developed in Mexico, 
have the goal of exploiting conmercially this alternative source 
of energy. The Comisidn Federal de Electricidad has supported the 
use of this energy source along with the utilization of coal, hy- 
droelectricity, nuclear and solar energy. A s  far as geothermal 
energy is concerned, the goal to be reached by the year 2000 is to 
generate a total of 2 0  millions of KW every year. Thiswill be fea- 
sible with the exploitation of the geothermal fields located in the 
Northwestern part of the country, in the Eje Neovolcdnico and in the 
Southestern part in the Chiapas State. 
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The C sand found i n  t h e  P l e a s a n t  Bayou # 2  w e l l  is 60 f e e t  t h i c k  
w i t h  a p o r o s i t y  of 17.6% determined from s t a n d a r d  c o r e  a n a l y s i s .  
Compaction c o e f f i c i e n t s  on t h e  o r d e r  of 5 x p s i - l  have been 
r e p o r t e d  by Gray e t  a1 ( 4 )  f o r  t h e  r e s e r v o i r  sand.  However, t h e s e  
i n v e s t i g a t o r s  have noted  that t h i s  material  e x h i b i t s  c r e e p  behavior  
and t h e r e f o r e  c a u t i o n  must b e  observed when u s i n g  t h e s e  d a t a  under  
t h e  assumpt ion  of e las t ic  r o c k  behavior .  Water p r o p e r t i e s  have been 
computed from c o r r e l a t i o n s  (3) assuming a g a s  s a t u r a t e d  b r i n e  
c o n t a i n i n g  130,000 ppm of d i s s o l v e d  s o l i d s .  The f o l l o w i n g  t a b l e  
summarizes t h e  d a t a  used i n  t h e  t r a n s i e n t  p r e s s u r e  test c a l c u l a t i o n s :  

R e s e r v o i r  t h i c k n e s s  60 f e e t  
Average p o r o s i t y  17 -6% 
U n i a x i a l  compaction c o e f f i c i e n t s  
P o r e  c o m p r e s s i b i l i t y  
Water c o m p r e s s i b i l i t y  
Water v i s c o s i t y  0.25 c p  
Water format ion  volume f a c t o r  1 .05  RB/STB 
Wellbore r a d i u s  3 . 5  i n c h e s  

5 x 10-7 ps i -1  
2 . 3  x 10-6 p s i - l  
4 x 10-6 ps i -1  

PRODUCTION TEST DATA 

Clark ( 2 )  has summarized the  p r o d u c t i o n  tes t  i n f o r m a t i o n  obtained 
d u r i n g  t h e  i n i t i a l  p e r i o d  i n  1 9 7 9 .  The f i r s t  p r o d u c t i o n  from t h e  w e l l  
occur red  on J u l y  9-10, 1 9 7 9 ,  immediately a f t e r  t h e  w e l l  w a s  p e r f o r a t e d .  
S u r f a c e  p r e s s u r e  measurements w e r e  t a k e n  a s  t h e  p r e s s u r e  gauge would 
n o t  o p e r a t e  a t  bottom h o l e  c o n d i t i o n s .  Clean up of t h e  p e r f o r a t i o n s  
d u r i n g  t h i s  f low per iod  caused i n t e r f e r e n c e  w i t h  t h e  test r e s u l t s .  

From November 1 5  t o  November 18, 1979, three p r o d u c t i o n  p e r i o d s  
o c c u r r e d ,  t h e  f i r s t  two of r a t h e r  s h o r t  d u r a t i o n .  The t h i r d  f l o w  
p e r i o d  l a s t e d  over  2 d a y s  and provided t h e  f i r s t  s i g n i f i c a n t  t es t  
d a t a .  Problems w j t h  t h e  bottom h o l e  p r e s s u r e  gauge f o r c e d  t h e  term- 
i n a t i o n  of t h i s  test .  The w e l l  w a s  a g a i n  put  on p r o d u c t i o n  on 
November 23, 1979, and was s h u t - i n  on November 25 due  once  a g a i n  t o  
gauge problems, T h i s  t e s t i n g  p e r i o d  served  p r i m a r i l y  a s  a check 
o u t  of t h e  equipment and procedures ,  as w e l l  a s  p r o v i d i n g  p r e l i m i n a r y  
r e s e r v o i r  d a t a .  

The . f i r s t  s u b s t a n t i a l  f low p e r i o d  f o r  t h e  w e l l  occur red  f rom 
December 3 ,  1 9 7 9  t o  December 1 4 ,  1979. During t h i s  t e n  day p e r i o d ,  
t h e  w e l l  produced a t  a n  a v e r a g e  r a t e  of approximate ly  13,500 b a r r e l s  
per  day. During t h i s  t es t ,  it w a s  n e c e s s a r y  t o  p e r i o d i c a l l y  move 
t h e  p r e s s u r e  gauge i n  t h e  w e l l  and,  t h u s ,  t h e  p r e s s u r e  i n f o r m a t i o n  
i s  somewaht s u s p e c t  , a l t h o u g h  l a t e r  tes ts  have confirmed t h e  g e n e r a l  
v a l i d i t y  of t h e  r e s u l t s  ob ta ined  from t h i s  drawdown p e r i o d .  

The f i r s t  d e f i n i t i v e  d a t a  w i t h  r e s p e c t  t o  r e s e r v o i r  p r o p e r t i e s  
w a s  ob ta ined  Irom t h e  p r e s s u r e  bui ldup  behavior  observed a f t e r  t ,he  
December 3 - 1 4  t e n  day product ion  t e s t .  T h i s  d a t a  i s  p r e s e n t e d  i n  
F i g u r e  2 i n  t h e  form of t h e  c o n v e n t i o n a l  Horner p l o t ,  i n  which t h e  
l o g a r i t h m  o$ t h e  t ime f a c t o r  

T + A t  

bt 



-1 07- 

is  p l o t t e d  a g a i n s t  t h e  obse rved  p r e s s u r e s .  The f l o w i n g  time, T, i s  
t a k e n  as  t h e  c u m u l a t i v e  p r o d u c t i o n  d i v i d e d  by t h e  l a s t  s u s t a i n e d  
f l o w r a t e  b e f o r e  c l o s i n g  i n  t h e  w e l l .  The t i m e  a f t e r  s h u t i n ,  A t ,  
c o r r e s p o n d s  t o  t h e  measured b o t t o m h o l e  p r e s s u r e  o b s e r v a t i o n s .  I n  
t h i s  case, t h e  c u m u l a t i v e  p r o d u c t i o n  w a s  t a k e n  to b e  240,000 b a r r e l s ,  
which  i n c l u d e s  a l l  p r o d u c t i o n  f rom tes ts  s i n c e  J u l y  1979.  The l a s t  
s u s t a i n e d  p r o d u c t i o n  ra te  was 13 ,650  b a r r e l s  p e r  d a y ,  r e s u l t i n g  i n  a n  
e q u i v a l e n t  Horner  f l o w  time o f  422 h o u r s .  

Beg inn ing  on  September  1 6 ,  1980,  a 45  d a y  v a r i a b l e  r a t e  p r o d u c t i o n  
tes t  w a s  c a r r i e d  o u t .  The p r o d u c t i o n  r a t e  s c h e d u l e  f o r  t h i s  t e s t  i s  
g i v e n  below: 

P r o d u c t i o n  Rate 
T i m e  P e r i o d  A t  (Hours) ( b b l s / d a y )  

S e p t  1 6  11:30 am 127 
S e p t  2 1  7 :50  pm 232 
Oct 1 11:OO a m  67 
Oct 4 6:OO a m  103 
O c t  8 1 2 : 4 5  a m  5 5 s  
Oct  31 5:32 a m  t o  p r e s e n t  

6750 
10920 
191 02 
14060 
13500 

w e l l  s h u t  i n  

The r e s u l t s  o f  t h i s  m u l t i r a t e  drawdown tes t  a r e  g i v e n  i n  F i g u r e  3 ,  i n  
which  t h e  d a t a  has been r educed  by t h e  s u p e r p o s i t i o n  p r i n c i p l e  a s  
d i s c u s s e d  by E a r l o u g h e r  ( 3 )  t o  a p l o t  o f  

I f  o n l y  o n e  f l o w r a t e  o c c u r r e d  i n  t h e  t es t ,  t h e n  t h i s  p l o t  would r e d u c e  
d i r e c t l y  t o  t h e  more f a m i l i a r  p l o t  of  p r e s s u r e  drawdown v e r s u s  t h e  
l o g a r i t h m  of  t h e  time. The i n i t i a l  p r e s s u r e  f o r  t h i s  t e s t  w a s  measured  
as  11116 p s i g  @ 14560 f e e t .  

The w e l l  w a s  c l o s e d  i n  on October  31, 1980,  and t h e  p r e s s u r e  
b u i l d u p  d a t a  c o n t i n u e s  t o  b e  m o n i t e r e d .  The Horner  p l o t  of t h i s  
i n f o r m a t i o n  i s  g i v e n  i n  F i g u r e  4 and  i n c l u d e s  d a t a  t h r o u g h  November 
24 ,  1980.  I n  r e d u c i n g  t h i s  b u i l d u p  d a t a ,  i t  w a s  assumed t h a t  t h e  
r e s e r v o i r  had s t a b i l i z e d  o v e r  t h e  10 month p e r i o d ,  s i n c e  t h e  l a s t  
p r o d u c t i o n  i n  December 1979,  and t h a t  o n l y  p r o d u c t i o n  d u r i n g  t h e  
c u r r e n t  t e s t i n g  p e r i o d  would a f f e c t  t h e  p r e s s u r e  b u i l d u p  r e s u l t s .  
The Horner  f l o w  time, T ,  w a s  computed t o  b e  1011 h o u r s  based  on  a 
c u m u l a t i v e  p r o d u c t i o n  s i n c e  September  1 6 ,  1980,  of 568 ,900  b a r r e l s  
of water and a f i n a l  s u s t a i n e d  r a t e  of  13,505 b a r r e l s  p e r  d a y .  

The b u i l d u p  d a t a  o b t a i n e d  i n  December of  1979 and t h e  m u l t i r a t e  
p r o d u c t i o n  t es t  t o g e t h e r  w i t h  t h e  subsequex t  p r e s s u r e  b u i l d u p  d a t a  
form t h e  b a s i s  of t h e  a n a l y s i s  p r e s e n t e d  i n  t h i s  p a p e r .  

FORMATION PERMEABILITY 

Forma t ion  p e r m e a b i l i t y  i s  computed from t h e  s l o p e  of t h e  p r e s s u r e  
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b u i l d u p  o r  drawdown p l o t s  shown i n  F i g u r e s  2 - 4 by t h e  r e l a t i o n s h i p  
( 3 )  : 

162.6 quB 162.6 pB 
k = mh o r  m'h ( 3 )  

where q - p r o d u c t i o n  r a t e  ( b b l s / d a y )  
p - v i s c o s i t y  ( cp )  
B f o r m a t i o n  volume f a c t o r  (RB/STB) 
h - f o r m a t i o n  t h i c k n e s s  ( f e e t )  
m - b u i l d u p  s l o p e  ( p s i / %  ) 
m '  - m u l t i r a t e  drawdown s l o p e  ( p s i / L b b l s / d a y )  

I t  i s  i m p o r t a n t  t o  select  t h e  s l o p e  from p r e s s u r e  d a t a  which i s  no 
l o n g e r  a f f e c t e d  by w e l l b o r e  s t o r a g e  e f f e c t s  caused by f l o w r a t e  changes ,  
b u t  as y e t  i s  n o t  a f f e c t e d  by r e s e r v o i r  b o u n d a r i e s  o r  l a t e r a l  changes 
i n  f o r m a t i o n  p r o p e r t i e s .  The p e r m e a b i l i t y  computed from t h e  t h r e e  
tes ts  i s  a s  f o l l o w s :  

P r o d u c t i o n  Rate m P e r m e a b i l i t y  
Bui ldup T e s t s  ( b b l s / d a y )  ( p s i / % >  (md) 

December 1979 ( F i g u r e  2 )  13650 5 4 . 5  178 

November 1980 ( F i g u r e  4 )  13505 4 8 . 0  2 00 

Drawdown T e s t  
m '  P ermea b il i t  y 

( p s i / %  - b b l s / d a y )  (md 1 

October  1980 ( F i g u r e  3) 0.0034 209 

The somewhat lower p e r m e a b i l i t y  computed from t h e  December 1979 b u i l d u p  
t e s t  d a t a  may b e  t h e  r e s u l t  of  u n c e r t a i n t i e s  i n  t h e  measurement of 
p r o d u c t i o n  ra tes  d u r i n g  t h e  p reced ing  drawdown p e r i o d .  

Based upon t h e s e  r e s u l t s  and d i s c o u n t i n g  t h e  December 1979 t es t ,  
w e  conc lude  t h a t  the  f o r m a t i o n  p e r m e a b i l i t y  i n  t h e  neighborhood of  t h e  
w e l l  i s  200 md. 

FAULTING AND BOUNDARIES 

A p e r c e p t i b l e  change i n  t h e  i n i t i a l  s l o p e  w a s  observed i n  each  
o f  t h e  t h r e e  tes ts  ana lyzed  i n  t h i s  s t u d y .  These s l o p e  changes a r e  
t o o  s u b t l e  t o  b e  c o n s t r u e d  as a boundary o r  a s e a l i n g  f a u l t .  How- 
e v e r ,  t h e y  do i n d i c a t e  t h e  p r e s e n c e  of a change i n  f o r m a t i o n  t r a n s -  
m i s s i v i t y .  The p r e s e n c e  of a non- sea l ing  f a u l t  cou ld  produce such  
an e f f e c t .  The d i s t a n c e  away from t h e  w e l l b o r e  a t  which t h i s  
i n t e r r u p t i o n  might  b e  found can  be  e s t i m a t e d  from t h e  r e l a t i o n s h i p  
g i v e n  by Ea r loughe r  (3) :  

where k - 
t -  
@ -  
1 - I -  

k t  
r i n v  = A . 0 0 1 0 5  @pcTrw2 

p e r m e a b i l i t y  (md) 
time of i n v e s t i g a t i o n  (hour s )  
f o r m a t i o n  p o r o s i t y  
v i s c o s i t y  (cp)  
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-1 c - t o t a l  e f f e c t i v e  c o m p r e s s i b i l i t y  ( p s i  ) 
rT - w e l l b o r e  r a d i u s  ( f e e t )  

W 

The f o l l o w i n g  t a b l e  summarizes  t h e s e  c o m p u t a t i o n s :  

T e s t  Time a t  s l o p e  change  ( h o u r s )  R a d i u s  ( f e e t )  

Dec. 1 9 7 9  
bu i l d u  p 

O c t .  1980 
drawdown 

Nov. 1980 
b u i l d u p  

20 3672 

2 5  4449 

18.4 3733 

A s  o b s e r v e d  on t h e  p l o t s ,  F i g u r e s  2 - 4 ,  t h e  t i m e  a t  wh ich  t h e  
s l o p e  c h a n g e s  i s  open  t o  broad  i n t e r p r e t a t i o n .  Minor c h a n g e s  i n  t h e  
s l o p e  w i l l  s u b s t a n t i a l l y  a l t e r  t h i s  time v a l u e .  It i s  f e l t  t h a t  
t h e  drawdown d a t a  i s  t h e  most  t e n u o u s  i n  t h i s  r e s p e c t ,  and t h u s  
i t  i s  conc luded  t h a t  t h e  a l t e r a t i o n  i n  f o r m a t i o n  t r a n s m i s s i v i t y  
o c c u r s  a t  a d i s t a n c e  of  a p p r o x i m a t e l y  3700 f e e t  f rom t h e  w e l l .  

N e i t h e r  b u i l d u p  t e s t  has i n d i c a t e d  as  y e t  any  e v i d e n c e  of s e a l i n g  
b o u n d a r i e s .  However, t h e  m u l t i r a t e  p r o d u c t i o n  t es t  d a t a  d o e s  
i n d i c a t e  t h e  p r e s e n c e  of a s e a l i n g  f a u l t ,  which w e  i n t e r p r e t  t o  be 
t h e  m a j o r  g rowth  f a u l t  t h a t  bounds t h e  r e s e r v o i r  t o  t h e  n o r t h w e s t .  
The s l o p e  of  t h e  d a t a  t a k e n  d u r i n g  t h e  l a s t  h a l f  o f  t h e  tes t  i s  
0 . 0 0 9 6  p s i / ( %  - b b l s / d a y )  as compared L O  a c o n s i s t e n t  of 0.0053 
p s i / ( %  : b b l s / d a y ) )  s l o p e  b e f o r e  t h i s  time. The v i r t u a l  
d 3 u b l i n g  of  t h e  s l o p e  i s  u s u a l l y  i n t e r p r e t e d  a s  i n d i c a t i n g  a 
s e a l i n g  boundary .  De te rmin ing  t h e  p rec ise  time a t  which  t h e  c h a n g e  
i n  s l o p e  o c c u r s  i s  made d i f f i c u l t  by t h e  m u l t i r a t e  e f f e c t  on  t h e  
g e n e r a t i o n  of t h e  reduced  d a t a  used  i n  t h e  drawdown a n a l y s i s .  A 
t i m e  v a l u e  of  530 h o u r s  was s e l e c t e d  a s  t h e  b e s t  e s t i m a t e  o f  t h e  
t i m e  when t h e  s l o p e  change  o c c u r s .  T h i s  v a l u e  c o r r e s p o n d s  t o  a 
d i s t a n c e  o f  i n v e s t i g a t i o n  of 3 . 9  m i l e s  which  a g r e e s  r e a s o n a b l y  w e l l  
w i t h  t h e  g e o l o g i c a l  i n t e r p r e t a t i o n  of t h e  g r o w t h  f a u l t .  The 
b u i l d u p  d a t a  p r e s e n t l y  b e i n g  mon i t e red  s h o u l d  p r o v i d e  more  d e f i n i t i v e  
r e s u l t s  i n  t h i s  r e g a r d .  

S K I N  EFFECT 

A n a l y s i s  of  t h e  r e c e n t l y  conc luded  m u l t i r a t e  p r o d u c t i o n  t es t  
s u g g e s t s  that a p p a r e n t  n e a r  w e l l  damage e f f e c t s  ( i . e . ,  t h e  s k i n  
e f f e c t s )  a r e  dependen t  on t h e  p r o d u c t i o n  r a t e .  The s k i n  e f f e c t  may 
be  computed from t h e  p r e s s u r e  drawdown e q u a t i o n  as  documented by 
E a r l o u g h e r  ( 3 )  : 

k t  
P .-P = m [ l o g l o  ( @pcTrw- ) - 3 - 2 3  + 0 . 8 7 s  ] 
1 w f  ( 7 )  

It  i s  t h e  u s u a l  c o n v e n t i o n  t o  select  t h e  drawdown t i m e  a s  o n e  h o u r ,  o r  

k t  
) - 3.23 + 0 . 8 7 s  ] ( 8 )  - 

- [ l o g l o  ( GpcTrwZ 1 wf (1 hour )  
b = P.-P  
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where P i s  t h e  p r e s s u r e  i n f e r r e d  from t h e  s t r a i g h t  l i n e  
portionw5k1tku82awdown p l o t  a t  a f l o w  time of one hour.  
case of a m u l t i r a t e  t e s t ,  t h e  a n a l y s i s  i s  similar except  that b o t h  
t h e  s l o p e ,  m ,  and t h e  i n t e r c e p t  ( i . e . ,  t = 1 h o u r ) ,  b ,  are 
normal ized  w i t h  r e s p e c t  t o  t h e  l a s t  f l o w r a t e  

I n  t h e  

m 

% 
m '  = - 

and t h e  s k i n  f a c t o r  i s  computed as  

( 5 )  

A s  shown i n  F i g u r e  3 ,  t h e  i n i t i a l  f low per iod  of t h e  drawdown 
test  e x h i b i t s  a s l o p e  of 0.0034 ps i / (? .  - bbls /day)  and an  i n t e r c e p t  
of 0.0316 p s i / ( b b l s / d a y ) .  The s k i n  e f f e c t  computed from t h e  above 
e q u a t i o n  f o r  t h e s e  c o n d i t i o n s  i s  2.96 i n d i c a t i n g  moderate  w e l l  
damage. 

The method of s u p e r p o s i t i o n  i s  used  t o  a n a l y z e  t h e  e f f e c t s  of 
t h e  m u l t i p l e  p r o d u c t i o n  ra tes  on t h e  drawdown behavior .  As such ,  
t h e  p l o t  o f ,  

should be a c o n t i n u o u s  p r o g r e s s i o n  of p o i n t s .  However, a s  observed 
i n  F i g u r e  3 t h e r e  i s  a n o t i c e a b l e  upward d i s c o n t i n u o u s  s h i f t  i n  t h e  
da t a  a s  t h e  p r o d u c t i o n  r a t e  i s  s t e p w i s e  i n c r e a s e d .  The s l o p e  of 
each c u r v e  d o e s  remain t h e  same. W e  have i n t e r p r e t e d  t h i s  
behavior  as a n  i n d i c a t i o n  of a r a t e  dependent s k i n  e f f e c t .  

The s k i n  f a c t o r  f o r  each f l o w r a t e  has been computed from 
e q u a t i o n  8 by e x t r a p o l a t i n g  a v a l u e  f o r  t h e  i n t e r c e p t  b ' ,  t a k i n g  
i n t o  account  t h e  change i n  s l o p e  observed d u r i n g  t h e  i n i t i a l  f low 
p e r i o d .  The s k i n  f a c t o r s  computed are:  

F l o w r a t e  Skin 
( b b l s / d a y )  F a c t o r  

67 50 
10920 
191 00 

2.96 
4.96 
6.98 

These s k i n  f a c t o r s  a r e  p l o t t e d  v e r s u s  product ion  r a t e  i n  F i g u r e  5. 
Also shown on F i g u r e  5 a r e  t h e  s k i n  f a c t o r s  computed from each  of 
the b u i l d u p  tes ts .  The bui ldup  tes t  s k i n  f a c t o r s  f a l l  below t h e  
m u l t i r a t e  drawdown t r e n d ,  bu t  a r e  g r e a t e r  t h a n  t h e  i n i t i a l  low 
f l o w r a t e  s k i n  f a c t o r .  
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The most p l a u s i b l e  e x p l a n a t i o n  f o r  t h i s  behav io r  i s  t h e  p o s s i b -  
i l i t y  t h a t  p a r t i c l e  f i n e s  loosened  i n  t h e  f o r m a t i o n  n e a r  t h e  w e l l -  
b o r e  d u r i n g  d r i l l i n g  and comple t ion  are  pushed i n t o  p o r e  t h r o a t s  
a t  h i g h  p r o d u c t i o n  rates, t h u s  r educ ing  t h e  p e r m e a b i l i t y  n e a r  t h e  
w e l l .  

An a l t e r n a t i v e  e x p l a n a t i o n  may be  t h a t  non-darcy o r  ' t u r b u l e n t '  
f l ow o c c u r s  n e a r  t h e  w e l l  a t  h i g h e r  f l o w r a t e s .  For t h i s  t o  o c c u r ,  
o n l y  a r e l a t i v e l y  s m a l l  p o r t i o n  of t h e  p e r f o r a t e d  in te rva l  c o u l d  
be  open t o  f l o w  i n o r d e r  t o  g e n e r a t e  l o c a l i z e d  f l u i d  v e l o c i t i e s  
h i g h  enough t o  c a u s e  t h e  non-darcy e f f e c t .  Furthermore,  i f  it w e r e  
p o s t u l a t e d  t h a t  o n l y  a few f e e t  of p e r f o r a t i o n s  were open t o  f l o w ,  
t h e n  t h e  s k i n  e f f e c t  caused by l i m i t e d  e n t r y  a l o n e  would be  
s u b s t a n t i a l l y  h i g h e r  t h a n  t h a t  obse rved .  

The e f f e c t s  of g a s  e v o l u t i o n  abou t  t h e  w e l l b o r e ,  shou ld  it o c c u r ,  
would n o t  e x p l a i n  t h e  observed behav io r  s i n c e  t h e  accumula t ion  
p r o c e s s  i s  a g r a d u a l  one  r a t h e r  t h a n  a n  a b r u p t  t r a n s i t i o n  a s  
i n d i c a t e d  by t h e  test  d a t a .  

FUTURE TESTING 

I n  t h e  s h o r t  term, t h e  p r e s s u r e  bu i ldup  f o l l o w i n g  t h e  l a s t  4 5  day  
p r o d u c t i o n  t es t  w i l l  c o n t i n u e  t o  be  mon i t e red .  It i s  hoped t h a t  a 
b u i l d u p  p e r i o d  of a t  l ea s t  90 d a y s  will b e  observed b e f o r e  
recommencement of p r o d u c t i o n ,  so t h a t  t h e  maximum amount of r e s e r v o i r  
i n f o r m a t i o n  such a s  t h e  p r e s e n c e  of boundar i e s  and p o t e n t i a l  reser- 
v o i r  d e p l e t i o n  c a n  be e x t r a c t e d .  Although t h e  s e n s i t i v i t y  o f  t h e  
p r e s s u r e  measurements a r e  e x c e l l e n t  , t h e  d e g r e e  of a c c u r a c y  i n  t h e  
measurements n e c e s s a r y  t o  d e t e c t  d e p l e t i o n  a t  t h e  c u r r e n t  cumula- 
t i v e  p r o d u c t i o n  l e v e l  i s  q u e s t i o n a b l e .  Note t h e  p r e s s u r e  d i s c o n -  
t i n u i t y  shown i n  F i g u r e  4 a t  t h e  l a t e  time bu i ldup  d u e  t o  p u l l i n g  
and r e r u n n i n g  t h e  p r e s s u r e  gauge i n  t h e  h o l e  f o r  n e c e s s a r y  
m a  i n  t enanc e. 

T h e  m o s t  c r u c i a l  r e s e r v o i r  d a t a  to be  o b t a i n e d  w i l l  r e q u i r e  an 
extended p r o d u c t i o n  p e r i o d .  S p e c i f i c a l l y ,  t h e  c o n t i n u i t y  of t h e  
r e s e r v o i r  l a t e r a l l y  a long t h e  growth f a u b  and t h e  o v e r a l l  a rea l  
e x t e n t  of t h e  r e s e r v o i r  must be d e t e c t e d  by d e p l e t i o n .  The c o n t r i b -  
u t i o n  of w a t e r  from t h e  c o n t i g u o u s  s h a l e  zones and t h e  a c c e s s i b i l i t y  
of o t h e r  s a n d s  th rough  t h e  shale zones w i l l  r e q u i r e  extended produc- 
t i o n  and r e s e r v o i r  p r e s s u r e  m o n i t o r i n g .  

F i n a l l y  t h e  i n  s i t u  e f f e c t s  of r e s e r v o i r  compaction on r e s e r v o i r  
p r o d u c t i o n  may o n l y  become e v i d e n t  a f t e r  a s u b s t a n t i a l  p r e s s u r e  
drawdown is  o b t a i n e d  i n  t h e  r e s e r v o i r .  

The a n a l y s i s  of long t e r m  p r o d u c t i o n  behav io r  and the.  e f f e c t s  
d e s c r i b e d  above w i l l  r e q u i r e  t h e  u s e  of r e s e r v o i r  s i m u l a t i o n  models.  

A n a l y s i s  of tes t  d a t a  from t h e  P l e a s a n t  Bayou # 2  w e l l  completed 
i n  t h e  F r i o  C sand i n d i c a t e s :  
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(1) The r e s e r v o i r  p e r m e a b i l i t y  i s  approximate ly  200 md.  
(2)  The producing gas-water r a t i o  i s  20 SCF/Barrel  and t h e  t o t a l  

gas-water r a t i o  is  29 t o  32 SCF/Barrel .  
(3)  A p e r m e a b i l i t y  a l t e r a t i o n  d u e  t o  a change i n  sand character- 

is t ics  o r ,  a l t e r n a t i v e l y ,  a non-seal ing f a u l t  i s  l o c a t e d  
a b o u t  3700 f e e t  from t h e  w e l l .  

( 4 )  The major  growth f a u l t  t h a t  bounds t h e  r e s e r v o i r  t o  t h e  n o r t h  
is  e v i d e n t  i n  t h e  l a s t  m u l t i r a t e  p r e s s u r e  drawdown t e s t  d a t a .  

(5) An a p p a r e n t  ra te  s e n s i t i v e  s k i n  e f f e c t  has been i n t e r p r e t e d  
from t h e  m u l t i r a t e  p r o d u c t i o n  test d a t a .  

(6 )  Moderate skin damage i n  t h e  w e l l  h a s  been determined from 
each of t h e  p r e s s u r e  t r a n s i e n t  tests.  

NOMENCLATURE 

B - f o r m a t i o n  v a l u e  f a c t o r  (RB/STB) 
b - i n t e r c e p t  of drawdown test  ( p s i )  
b ' -  i n t e r c e p t  of m u l t i r a t e  drawdown tes t  ( p s i / ( b b l s / d a y )  
c - t o t a l  e f f e c t i v e  c o m p r e s s i b i l i t y  ( l / p s i )  
h - f o r m a t i o n  t h i c k n e s s  ( f e e t )  
k - f o r m a t i o n  p e r m e a b i l i t y  (md) 
m - bui ldup  o r  drawdown s l o p e  ( p s i / % )  
m ' -  m u l t i r a t e  drawdown s l o p e  ( p s i / ( %  - b b l s / d a y ) )  
P . -  i n i t i a l  s t a t i c  r e s e r v o i r  p r e s s u r e  ( p s i g )  

- f lowing  bot tomhole w e l l  p r e s s u r e  ( p s i g )  
q - f l o w r a t e  ( b b l s / d a y )  

T 

1 

pwf 

r - r a d i u s  of i n v e s t i g a t i o n  ( f e e t )  
r - r a d i u s  of t h e  w e l l b o r e  ( f e e t )  inv  

W 
S - s k i n  f a c t o r  
T - Horner f l o w  time (hours )  
t - time s i n c e  s ta r t  of  f l o w  (hours )  

A t  - time s i n c e  s h u t - i n  (hours )  
1-1 - v i s c o s i t y  

s u b s c r i p t s  j ,  N - i n d i c a t e  time p e r i o d s  
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COLLECTION AND ANALYSIS OF RESERVOIR DATA FROM 
TESTING AND 0PERATIC)N OF THE RAFT R I V E R  5 MW POWER PLANT 

Susan P e t t y  
EG&G Idaho, I n c .  

INTRODUCTION 

The R a f t  R i v e r  5 MW power p l a n t  w i l l  be o n - l i n e  some ime t h i s  s p r i n g .  

Dur ing  t e s t i n g  o f  t h e  supp ly  and i n j e c t i o n  system p r i o r  t o  p l a n t  s t a r t - u p  

and d u r i n g  t e s t i n g  o f  t h e  p l a n t  i t s e l f ,  da ta  can be c o l l e c t e d  and used t o  

c a l i b r a t e  computer models, r e f i n e  p r e d i c t e d  drawdowns and i n t e r f e r e n c e  

e f f e c t s ,  m o n i t o r  changing temperatures,  and r e c a l c u l a t e  r e s e r v o i r  parameters. 

A n a l y t i c  methods have been used d u r i n g  r e s e r v o i r  t e s t i n g  a t  R a f t  R i v e r  

t o  c a l c u l a t e  r e s e r v o i r  c o e f f i c i e n t s .  However, a n i s o t r o p y  of  t h e  r e s e r v o i r  

due t o  f r a c t u r e s  has n o t  been taken i n t o  account i n  these c a l c u l a t i o n s  and 

es t imates  o f  these c o e f f i c i e n t s  need t o  be r e f i n e d .  From r e f i n e d  es t imates  

o f  r e s e r v o i r  c o e f f i c i e n t s  b e t t e r  p r e d i c t i o n s  o f  i n t e r f e r e n c e  e f f e c t s  and 

long- te rm drawdown i n  t h e  w e l l s  can be made. 

I n  c o n j u n c t i o n  w i t h  t h e  USGS, Faust and Mercer 's  3-D f i n i t e  d i f f e r e n c e  
model has been used t o  s i m u l a t e  t h e  Raf t  R i v e r  geothermal f i e l d .  I n t e r a  

used a 2-D s i m u l a t o r  t o  p r e d i c t  temperatures,  pressures over  30 years  and 

movement of d i s s o l v e d  s o l i d s  i n  t h e  r e s e r v o i r .  
p r o d u c t i o n  o f  t h e  f i e l d  w i l l  be compared t o  these s i m u l a t i o n s  and t h e  models 

r e f  i ned . 

Data c o l l e c t e d  d u r i n g  

Work suppored by t h e  U. S. Department of  Energy A s s i s t a n t  Secre tary  
f o r  Resource A p p l i c a t i o n ,  O f f i c e  of Geothermal, under DOE C o n t r a c t  
NO. DE-AC07-76ID01570. 
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DATA COLLECTION 

I n s t r u m e n t a t i o n  

For c o l l e c t i o n  o f  d a t a  d u r i n g  p r o d u c t i o n  a t  t h e  f i e l d  a permanent ly 

i n s t a l l e d  downhole p ressure  gauge was needed. Dur ing  r e  

severa l  types o f  downhole t o o l s  were tes ted ,  i n c l u d i n g  a 

downhole q u a r t z  pressure- temperature probe, cont inuous f 

gauges, and b u b b l e r  gauges purged p e r i o d i c a l l y  when da ta  
Hewlet t -Packard probe f a i l e d  f r e q u e n t l y  d u r i n g  t e s t i n g .  

b u b b l e r  gauges used excess ive amounts o f  n i t r o g e n ,  poss i  

e r v o i  r t e s t i n g  

Hew1 e t  t- Packard 

ow bubb ler  

a r e  taken. The 

Continuous f l o w  

l y  due t o  i n a c c u r a t e  

f l o w  meter ing  dev ices.  A t  present ,  s t a i n l e s s  s t e e l  t u b i n g  s t rapped t o  t h e  

pump t u b i n g  extends t o  t h e  t o t a l  depth o f  t h e  pump i n t a k e .  The t u b i n g  i s  

purged p e r i o d i c a l l y  w i t h  n i t r o g e n  and pressure read f rom a 0-6895 KPag 

Heise gauge. T h i s  g i v e s  f a i r l y  accura te  r e l a t i v e  measurements. Pressure a t  

t h e  i n j e c t i o n  w e l l  i s  recorded u s i n g  a P a r o s c i e n t i f i c  p ressure  t ransducer  
w i t h  a d i g i t a l  readout .  

Temperature i s  mon i to red  o n l y  a t  t h e  wel lhead t o  reduce downhole 

e l e c t r o n i c s  prone t o  e l e c t r i c  c a b l e  f a i l u r e .  

i n s t a l l e d  i n  t h e  wel lhead w i t h  a s t r i p  c h a r t  r e c o r d e r  readout .  

i s  a l s o  recorded manual ly  w i t h  an i n - l i n e  mercury thermometer as backup. 

A t y p e  K thermocouple i s  

Temperature 

Flow i s  c o n t r o l l e d  a t  b o t h  t h e  p r o d u c t i o n  and i n j e c t i o n  w e l l s  u s i n g  

au tomat ic  e l e c t r i c a l l y - c l o s e d  va lves  i n  t h e  p i p i n g  f rom t h e  pump p r o d u c t i o n  

t u b i n g  and i n  t h e  p i p i n g  a f t e r  t h e  i n j e c t i o n  pumps and s t r a i n e r s .  

p l a t e s  w i t h  d i f f e r e n t i a l  p ressure  t ransducers  a r e  used b o t h  t o  measure 

f l o w  r a t e s  and t o  c o n t r o l  t h e  automat ic  va lves  a t  t h e  i n j e c t i o n  w e l l s .  

L i n e  pressure  i s  ma in ta ined by adjustment  of va lves  a t  t h e  p r o d u c t i o n  

w e l l s .  

O r i f i c e  

C o l l e c t i o n  I n t e r v a l s  

A l though i t  was planned t o  automate da ta  c o l l e c t i o n  d u r i n g  opera t ions ,  

budget r e s t r i c t i o n s  have prevented t h i s  so f a r .  A t  present ,  da ta  a r e  

manual ly  c o l l e c t e d  f r o m  t h e  bubb ler  gauges a t  t h e  p r o d u c t i o n  w e l l s  and 

from pressure  gauges and thermometers w i t h  no recorded readout .  Data 

a r e  c o l l e c t e d  on one minute  i n t e r v a l s  d u r i n g  t h e  f i r s t  20 minutes o f  

s t a r t - u p  o r  shut-down o f  any w e l l  and a t  i n c r e a s i n g  i n t e r v a l s  t h e r e a f t e r .  
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INTERFACE WITH PLANT OPERATIONS 

Testing of Pumps 

submersible pump sui table  for  geothermal operations. 
have been successfully used a t  Raft River with few problems in wells 
where deep drawdown i s  n o t  encountered. However, deep set t ing depths 
for  high production rates  and large drawdowns require the use of large 
submersible pumps. I t  i s  planned t o  use various designs of geothermal 
submersible pumps d u r i n g  the coming year a t  Raft River t o  determine 
which design i s  most re l iable .  
useful d a t a  can be collected i f  operations are  planned with reservoir engineering 
in mind. For instance, no long-term, h i g h  ra te  t e s t  of RRGI-7 or R R G E - 1  had 
been completed until  t h i s  date. The recent need for  a t e s t  of a newly instal led 
REDA o i l f i e ld  submersible pump a t  R R G E - 1  allowed for planning of a high ra te  
t e s t  of R R G E - 1 .  Well R R G E - 1  was produced for  a total  of 4 days a t  66 Ips 
with injection i n i t i a l l y  into RRGI-7. 
necessary t o  reduce the flow ra te  t o  57 Ips. 
shown in Figure 3. 

4 time d a t a  from t h i s  curve i s  1.1 x 10 md-m, more t h a n  an order of magnitude 
lower t h a n  i n t r in s i c  transmissivit ies calculated from ea r l i e r  low ra te  t e s t s .  
The in t r in s i c  transmissivity calculated from late-time recovery d a t a  i s  almost 

During the past year an e f f o r t  has been made t o  find a h i g h  capacity 
Line shaf t  pumps 

During th i s  phase of wellfield operation much 

Due to  high l ine  pressures i t  was 
The  e f fec t  of t h i s  reduction i s  

The in t r ins ic  transmissivity calculated from the l a t e  

identical 
could n o t  

Test 
most part  
reservoir 
by two ma 

to  t h i s  value (Figure 4 ) .  
be continued beyond 96 hours. 

Due t o  pump fa i lure  a t  RRGI-7 the t e s t  

ng of the supply and injection system a t  Raft River will for  the 
involve wells R R G E - 1 ,  R R G E - 2 ,  RRGE-3 and RRGP-5. The geothermal 
a t  Raft River i s  highly fractured. Fracture direction i s  controlled 
or structural  features:  the Bridge Zone and the Narrows Zone. 

Prediction o 
of these two 
stimulation, 
(See Figure 
single,  near 

interference effects  i s  complicated by the differing directions 
major structural  trends. D u r i n g  tes t ing of RRGP-5 prior t o  
wells RRGP-4 ,  R R G E - 1  and R R G E - 2  were used as observation wells. 

and  2 .  ) 

vertical  fracture of limited extent or production from a to ta l ly  
The response of we1 1 R R G P - 4  i s  suggestive of drainage of a 

bounded system. 
well i s  6 . 2  X 10 md-m while the storage coefficient i s  2 . 9  x 10 . The 

The in t r in s i c  transmissivity calculated from th i s  observation 
4 3 
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i n t r i n s i c  t r a n s m i s s i v i t y  c a l c u l a t e d  u s i n g  RRGE-1 as an observa t ion  w e l l  i s  

5.0 X 10 md-m which i s  c l o s e  t h a t  c a l c u l a t e d  f rom RRGP-4. However, t h e  s to rage 

c o e f f i c i e n t  i s  an o r d e r  o f  magnitude l a r g e r ,  3.1 X 10 . Pump t e s t s  a t  these 

w e l l s  show t h a t  RRGP-4 has v e r y  low i n t r i n s i c  t r a n s m i s s i v i t y  w h i l e  RRGE-1 

i s  around 2.0 X 10 md-m. Because t h e  r e s e r v o i r  i s  i n  f r a c t u r e d  r o c k  

i t  i s  n o t  p o s s i b l e  t o  determine whether these r e s u l t s  a r e  an a c t u a l  

i n d i c a t i o n  of t h e  i n t r i n s i c  t r a n s m i s s i v i t y  and s to rage c o e f f i c i e n t s  

averaged over  t h i s  area o f  t h e  r e s e r v o i r  o r  i f  t h e  methods used a r e  

i n a p p r o p r i a t e  t o  t h e  s i t u a t i o n .  

4 

4 

4 

F a u l t i n g  r e l a t e d  t o  t h e  u p l i f t  o f  t h e  Jim Sage Range may a l s o  

a f f e c t  communication between w e l l s .  P r e d i c t e d  i n t e r f e r e n c e  a t  RRGE-1 

f rom p r o d u c t i o n  a t  RRGP-5 and RRGE-3 i s  o f  t h e  o r d e r  o f  magnitude of 

200 kPa u s i n g  t h e  method o f  images. However, t h e  t o t a l  e f f e c t  may be 

much l a r g e r  g i v e n  t h e  suspected degree o f  communication between these 
w e l l s  and t h e  a n i s o t r o p y  o f  t h i s  f r a c t u r e d  system. 

As da ta  a r e  c o l l e c t e d  d u r i n g  supply  and i n j e c t i o n  system t e s t s ,  

numer ica l  s i m u l a t i o n  o f  t h e  system can be r e f i n e d .  

by I n t e r a  f o r  t h e  i n j e c t i o n  a q u i f e r  assumed a s i n g l e  h i g h  c o n d u c t i v i t y  

f r a c t u r e  communicating w i t h  upper a q u i f e r s .  T h i s  r e s u l t e d  i n  a 

p e r t u r b a t i o n  o f  these a q u i f e r s  w i t h  i n c r e a s i n g  pressures,  temperatures 

and TDS over  t h e  30-year l i f e  o f  t h e  p r o j e c t .  

however, s i m u l a t e  p r o d u c t i o n .  F u r t h e r  model ing e f f o r t s  by EG&G i n  c o n j u n c t i o n  

w i t h  t h e  USGS u s i n g  t h e  Faust and Mercer 's  3-D, s ing le-phase code w i l l  be 

d i r e c t e d  toward p r e d i c t i o n  o f  long- te rm pressure  and temperature e f f e c t s  of 

p r o d u c t i o n  on t h e  geothermal r e s e r v o i r .  

A model ing e f f o r t  

T h i s  model ing e f f o r t  d i d  no t ,  
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TESTING OF 5 MW POWER PLANT 

A l l  t e s t i n g  o f  t h e  R a f t  R i v e r  i n j e c t i o n  system t o  d a t e  has been 

accompl ished u s i n g  water  a t  140°C i n s t e a d  o f  t h e  p l a n t  o u t l e t  temperature 

o f  65°C. 

necessary t o  p r e d i c t  p ressure  b u i l d - u p  a t  t h e  wel lhead i n  t h e  i n j e c t i o n  

w e l l s .  

e f f l u e n t  f rom t h e  power p l a n t .  

a t  t h e  wel lhead have been done u s i n g  l i n e a r  r e g r e s s i o n  a n a l y s i s  of t h e  

semi log p l o t  o f  p ressure  b u i l d - u p  d u r i n g  h o t  water  t e s t i n g .  

t h a t  t h e  temperatures o f  t h e  i n j e c t e d  e f f l u e n t  w i l l  be 65"C, y e a r  p ressure  

b u i l d - u p  was c a l c u l a t e d  u s i n g  t h e  equat ion  : 

Because wel lhead pressures w i l l  l i m i t  t h e  i n j e c t i o n  r a t e  i t  i s  

T h i s  w i l l  be a f f e c t e d  by t h e  temperature o f  t h e  i n j e c t e d  geothermal 

Prev ious p r e d i c t i o n s  o f  p ressure  b u i l d - u p  

Assuming 

- +@-----Ei (--- k h t  
2 S r  1-1 t o t a l  - i 65°C * s k i n  2mkh 

where A P total i s  the pressure  b u i l d - u p  a t  t h e  wel lhead, Q i s  t h e  f low r a t e ,  

kh i s  t h e  i n t r i n s i c  t r a n s m i s s i v i t y ,  t i s  t ime,  S i s  t h e  s to rage c o e f f i c i e n t ,  

Pi i s  t h e  i n i t i a l  pressure,  A P skin i s  t h e  pressure b u i l d - u p  due t o  s k i n  

e f f e c t s ,  and p i s  t h e  v i s c o s i t y  a t  t h e  temperature o f  t h e  i n j e c t e d  water .  

The pressure  p r e d i c t e d  f rom h o t  water  i n j e c t i o n  was 2020 Kpa a f t e r  1 y e a r  

o f  i n j e c t i o n  a t  63 I p s .  A f t e r  1 y e a r  o f  i n j e c t i o n  o f  65°C water  a t  

63 I p s  t h e  p r e d i c t e d  pressure  i s  3510 Kpa. 

o f  t h e  power p l a n t  w i l l  p r o v i d e  da ta  t o  v a l i d a t e  t h i s  p r e d i c t i o n .  

Data c o l l e c t e d  d u r i n g  t e s t i n g  

As t e s t i n g  o f  t h e  power p l a n t  con t inues  t u r b i n e  t r i p s  can be expected. 

I n  t h i s  b i n a r y  system such t r i p s  w i l l  r e s u l t  i n  bypass of the  geothermal 

f l u i d  around t h e  heat  exchangers and hence an inc rease i n  t h e  temperature 

o f  t h e  i n j e c t e d  e f f l u e n t .  T h i s  w i l l  a l l o w  f o r  f u r t h e r  comparison of t h e  

i n j e c t i o n  system response t o  c o l d  and h o t  water  i n j e c t i o n .  

As p r o d u c t i o n  of  t h e  r e s e r v o i r  con t inues  d u r i n g  p l a n t  o p e r a t i o n  

t o t a l  volumes and r e s e r v o i r  pressures and temperatures w i l l  be c l o s e l y  

moni tored.  

can be used t o  p r e d i c t  f u t u r e  temperature and pressure  d e c l i n e s .  

p r e d i c t i o n s  can then be checked a g a i n s t  a c t u a l  p r o d u c t i o n  records  and 

p r e d i c t i o n s  made u s i n g  numerical  s i m u l a t i o n .  

These da ta  w i l l  be used f o r  c o n s t r u c t i n g  d e c l i n e  curves which 

These 
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CONCLUSION 

Through planning of testing of pumps and the supply and injection system 
at Raft River, data can be collected which will aid in calibration of commercial 
models and prediction of the long-term pressure and temperature response of the 
reservoir to production. 
the major barrier to collection of reservoir engineering data during 
production of the well field. 
allow collection of high quality data without requiring excessive manpower. 
Predictions of wellfield behavior made by analytic methods, numerical 
simulation methods and decline curves can be compared to each other and 
to production data to ascertain the effectiveness of these techniques. 

Data collection and pump malfunction proved to be 

A fully automated data collection system would 
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PRODUCTION DECLINE ANALYSIS 
USING INFLUENCE FUNCTIONS 

E l l i o t  J, Zais 
E l l i o t  Zais & Assoc.,  I n c .  

7915 NW S i s k i n  Drive 
C o r v a l l i s  OR 97330 

We prev ious ly  r epor t ed  (Zais, 1979)  t h a t  Arps 's  exponen t i a l  
equa t ion  works q u i t e  w e l l  on geothermal product ion  d a t a .  The 
hype rbo l i c  equa t ion  should probably n o t  be used.  I n  t h i s  paper 
we show the  p rogres s  made i n  us ing  in f luence  f u n c t i o n s  t o  
d e s c r i b e  r e s e r v o i r  product ion  behavior .  

Inf luence  f u n c t i o n s  a r i s e  i n  many a r e a s  o f  s c i ence  and 
eng inee r ing  under the  names o f  Green's f u n c t i o n ,  memory func-  
t i o n ,  response f u n c t i o n ,  and r e s i s t a n c e  f u n c t i o n .  They a r e  
used t o  r e l a t e  t h e  response o f  a system t o  an i n p u t .  I n  a 
geothermal  r e s e r v o i r  we can f i n d  an in f luence  f u n c t i o n  r e l a t i n g  
r e s e r v o i r  p re s su re  t o  product ion  r a t e .  Once t h i s  f u n c t i o n  is  
c a l c u k l t e d ,  it can be used t o  p r e d i c t  the behavior  of t h e  
r e s e r v o i r .  van Everdingen and Hurs t  (1949) developed an  
i n f l u e n c e  f u n c t i o n  method f o r  a q u i f e r  d r i v e  petroleum r e s e r v o i r s  
u s ing  Laplace t r ans fo rms .  Hutchinson and S i k o r a  (1959) and 
Jargon and van Poolen (1965) developed a l g e b r a i c  water  d r i v e  
a n a l y s i s  methods f o r  r e s e r v o i r s  and i n d i v i d u a l  w e l l s ,  r e s p e c t -  
i ve  l y  . 

C o a t s  e t  a1 (1964) made a major improvement over t h e  
a l g e b r a i c  methods mentioned above by r e q u i r i n g  d e r i v a t i v e  
c o n s t r a i n t s .  H i s  f o rmula t ion  may be w r i t t e n  as 

d.r J d r  
AP = q ( T )  d F ( t - T ) d ~  = d q ( t - ~ ) F ( ~ ) d ~  (1) 

F > O ,  t > O  ( 3 )  
dF 1 0 
d t  
- 

2 d F s O  
d t 2  

These c o n s t r a i n t s  a r e  necessa ry  t o  ensure t h a t  t he  f u n c t i o n  
der ived  is  p h y s i c a l l y  meaningful.  We analyzed some d a t a  f r o m  
Cerro P r i e t o  both wi th  and wi thout  the  c o n s t r a i n t s .  The 
der ived  in f luence  f u n c t i o n s  a r e  shown i n  F igure  1. The ir:- 
r e g u l a r  curve is  t h e  "bes t  f i t "  t o  d a t a ,  b u t  it is  p h y s i c a l l y  
meaningless and cannot be e x t r a p o l a t e d .  
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Some o t h e r  r e s u l t s  obtained by C o a t s ’ s  method a r e  shown 
i n  F igu res  2 and 3 .  The p i s  a measure of  goodness of f i t  
and is def ined  as 

p = - 1 1  -(ui + V i )  
n api (4) 

where u .  and v .  a r e  s l a c k  v a r i a b l e s  i n  the  
l i n e a r  6 r o g r a d i n g  fo rmula t ion .  

We used t h r e e  d i f f e r e n t  k inds  of  e x t r a p o l a t i o n s  f o r  t h e  
in f luence  f u n c t i o n s  assuming 1) a bounded a q u i f e r ,  2 )  an 
a q u i f e r  which crops o u t ,  and 3)  a n  i n f i n i t e  a q u i f e r .  Geologic 
d a t a  can h e l p  i n  choosing t h e  c o r r e c t  e x t r a p o l a t i o n .  

The methods s o  f a r  d iscussed  a r e  a l l  “b lack  box” methods 
because no p h y s i c a l  model of t he  r e s e r v o i r  mechanism i s  assum- 
e d .  We a l s o  s tud ied  a l i n e a r i z e d  f r e e  s u r f a c e  (LFS) model 
proposed by Bodvarsson ( 1 9 7 7 ) .  If a r e s e r v o i r  has  a f r e e  
l i q u i d  s u r f a c e  wi th  r e l a t i v e l y  s m a l l  v e r t i c a l  movement, t h e  
equa t ions  d e s c r i b i n g  t h e  movement can be l i n e a r i z e d .  The 
equa t ion  f o r  s u r f a c e  drawdown a t  a g e n e r a l  f i e l d  p o i n t  P 
becomes 

h(t) = G(t - T ) q ( T ) d T  ( 5 )  

(6) 
1 

E G ( t  - T)q(T)nT 

q ( t )  i s  a product ion  r a t e  and G ( t )  is  a Green’s f u n c t i o n  
which can be def ined  f o r  an i n f i n i t e  h a l f  space ,  a r e s e r -  
v o i r  wi th  an  impermeable bottom l a y e r ,  and o t h e r  conf ig-  
u r a t i o n s  as necessa ry .  The equa t ions  f o r  t h e  f i r s t  t w o  ca ses  
are 

G = -  -’ ( w t  + d ) ( x ”  + y” + ( w t  + d ) 2 )  -3/5 t > 0 ( 7 )  
2 W P  

- 3 h  1 2H - d w t  
(x”  + y2 + (2H - d + w t ) ” )  

w is t h e  s i n k i n g  v e l o c i t y  and equa l s  = permeab i l i t y  .x g r a v i t y  
d iv ided  by kinematic  v i s c o s i t y  x p o r o s i t y .  The o t h e r  symbols 
a r e  d i s t a n c e s  as shown i n  F igu res  4a and ICb. 

Only t h e  Wairakei d a t a  s e t  ( P r i t c h e t t  e t  a l )  w a s  complete 
enough f o r  us t o  use the  LFS method. The r e s u l t s  a r e  shown 
i n  F igure  5 .  Curve 1 i s  the  observed p res su re  drawdown, curve 
2 t he  c a l c u l a t e d  drawdown u s i n g  equa t ion  7 ,  and curve 3 t h e  
c a l c u l a t e d  drawdown us ing  equa t ion  8 .  The f i t  is  q u i t e  good 
over 25 y e a r s .  

The f u l l  r e s u l t s  of t h i s  p r o j e c t  a r e  a v a i l a b l e  i n  Zais 
and Bodvarsson (1980) .  
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4 a .  I n f i n i t e  half space f o r  l inear -  
ized f r e e  surface method. 

T f " 

4 b .  Reservoir half space f o r  l inear -  

Q " ,  the  image of the image of 
ized f r e e  surface method with bottom 
layer .  
Q with respect  t o  the equilibrium L 
p l a n e  i s  n o t  i n c l u d e d .  Q"  t ,  t h e  
moving image of the image of Q ,  i s  a l so  
n o t  included. 

I 
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Fig. 5 Linearized f r e e  surface f i t s  t o  
Wairakei data 



-1 26- 

APPLICATION OF A DOWNHOLE FLOWMETER TO DETECTING 
CASING BREAKS I N  A GEOTHERMAL WELL 

Margot C.  Syms Peter H .  Syms and, Paul F. Bixley, 
Geophysics Divis ion,  D . S . I . R . ,  Minis t ry  of Works & Development, 
Wairakei, New Zealand Wairakei,  New Zealand. 

The downhole flowmeter logging system f o r  high temperature 
geothermal wel l s  developed a t  Wairakei,  New Zealand, i s  proving 
t o  be an inva luable  t o o l  f o r  use  du r ing  workovers t o  r e p a i r  o r  
r e i n s t a t e  problem wel l s .  This c o n t r i b u t i o n  desc r ibes  a 
s t r a igh t fo rward  example of i d e n t i f y i n g  breaks  i n  p l a i n  casing 
near  the top of a product ive we l l .  

THE DOWNHOLE FLOWMETER 

The flowmeter (described i n  Syms, 1980) conta ins  an 
impe l l e r ,  o r  spinner,which i s  r o t a t e d  by w a t e r  flowing through 
t h e  t o o l .  The flowmeter is operated whi le  i t  i s  t r a v e l l i n g  up 
or  down a w e l l  and t h e  frequency of sp inne r  r o t a t i o n  is 
recorded a t  t h e  sur face .  The frequency i s  made up .o f  two 
components: one due t o  the  movement of the  t o o l  and the o the r  
due t o  water  flowing i n  the  w e l l .  These components e i t h e r  
r e i n f o r c e  each o the r  or  tend t o  cance l  depending on the i r  
r e l a t i v e  d i r e c t i o n s ;  and t h e  magnitude of each depends on t h e  
c ros s - sec t iona l  a r ea  of the w e l l  a t  t h e  depth  of t he  flowmeter. 
The s i g n  convection adopted i s  t h a t  f low i n c i d e n t  on t h e  t o o l  
f r o m  above i s  p o s i t i v e ,  f o r  example when the t o o l  is  moving 
upwards i n  s tagnant  water .  The sp inner  frequency i s  given a 
s ign  t o  conform wi th  this .  

THE REPAIR OF WELL WAIRAKEI 216 

This  w e l l  has been supplying steam t o  t h e  Wairakei p o w e r  
s t a t i o n  s i n c e  1961. During a r o u t i n e  in spec t ion  i n  1978, 
s e v e r a l  l a r g e  p i eces  of casing were found i n  t h e  wellhead 
equipment. Two breaks i n  the cas ing  and a pu l l ed  coupling 
w e r e  i d e n t i f i e d  by a cas ing  c a l i p e r  survey i n  1979. When the  
w e l l  was s h u t  o r  on b leed ,  t h e  measured i n t e r n a l  p re s su re  
exceeded t h e  ca l cu la t ed  formation p res su re  a t  t h e  l e v e l  of the 
shallowest break,  i nd ica t ing  p o t e n t i a l  blowout condi t ions .  It 
w a s  t h e r e f o r e  decided t o  r e p a i r  t h e  cas ing  and t h i s  was 
commenced i n  February 1980. 

J u s t  a f t e r  t h e  wel l  had beenquenchedthe  i n j e c t i o n  p res su re  
suddenly b u i l t  u p  and no f u r t h e r  water  could be pumped, even 
a t  a p re s su re  of 60 bg, The w e l l  was found t o  be blocked a t  
19 m ,  and a major casing c o l l a p s e  w a s  suspected.  Subsequent 
events  showed t h a t  once the  w e l l  had been quenched, pressure  
a t  t h e  l e v e l  of the  breaks w a s  reduced and t h e  loose, water 
s a t u r a t e d ,  pumice brecc ia  formation flowed i n t o  t h e  w e l l  
through t h e  cas ing  b r e a k ( s ) .  T h i s  material w a s  then d r i l l e d  
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o u t  t o  149 m dep th .  Seve ra l  o b s t r u c t i o n s  w e r e  found i n  t h e  
8: i nch  c a s i n g ,  even wi th  a 4% inch  d r i l l  b i t ,  so t h e  c a s i n g  
w a s  r e a l i g n e d  w i t h  a r o l l e r  t o o l .  

A t  t h i s  s t a g e  t h e r e  w e r e  a t  l e a s t  seven s i tes  of p o s s i b l e  
cas ing  damage above 149 m and i t  w a s  d e s i r a b l e  t o  know which 
of t h e s e  p o s s i b l e  breaks  would accep t  f l u i d  from t h e  w e l l  so 
t h a t  cement could  be p laced  a t  t h e  a p p r o p r i a t e  l e v e l s .  The 
purpose of  t h i s  cementing ope ra t ion  w a s  t o  hold t h e  8: i nch  
c a s i n g  i n  t h e  p r o p e r l y  a l igned  p o s i t i o n  so t h a t  a smaller 
cas ing  could  be run and cemented i n s i d e  i t .  

I n v e s t i g a t i o n s  w e r e  c a r r i e d  o u t  w i t h  t h e  s p i n n e r  flowmeter 
whi le  i n j e c t i n g  6 l i t r e s / s e c o n d  of coo l  w a t e r  from t h e  s u r f a c e  
a t  10 bg wel lhead  p r e s s u r e .  F igure  1 shows t h r e e  l o g s  of 
sp inne r  f requency a g a i n s t  dep th ,  two made w i t h  t h e  t o o l  moving 
upwards i n  t h e  w e l l  and one wi th  t h e  tool moving downwards. 
Since t h e  measurements w e r e  made i n s i d e  p l a i n  cas ing  ( i . e .  t h e  
w e l l  area i s  uniform) and t h e  logging speed f o r  each run w a s  
c o n s t a n t ,  i n  any one l o g  t h e  frequency should  on ly  change 
when w a t e r  e n t e r s  or  l e a v e s  t h e  w e l l .  Regular c y c l e s  of s m a l l  
ampli tude on t h e s e  l o g s  are caused by f l u c t u a t i n g  d e l i v e r y  r a t e  
of t h e  p i s t o n  pump. Logs made i n  w e l l s  which a re  n o t  under 
p r e s s u r e  du r ing  i n j e c t i o n  do n o t  have t h e s e  r e g u l a r  v a r i a t i o n s ,  
b u t  do have a small amount of no i se .  

I n  t h e  upper  p a r t  of t h e  w e l l  (above 107 m) t h e  i n j e c t e d  
water  f low i s  caus ing  t h e  sp inne r  t o  r o t a t e  f a s t e r  than  it 
would i f  ope ra t ed  i n  a s t agnan t  w e l l  f o r  t h e  up runs  and s lower  
f o r  t h e  down run .  The t o o l  i s  over tak ing  t h e  flow on t h e  down 
run so t h e  s p i n n e r  frequency i s  negat ive  ( w a t e r  e n t e r i n g  t h e  
t o o l  from below). F ive  logging runs  were made a l t o g e t h e r  and 
a l l  l o g s  show d i s t i n c t  changes i n  frequency a t  107 m and 127 m 
depth.  Water f low i s  l e a v i n g  t h e  w e l l  a t  bo th  t h e s e  dep ths  
s i n c e  t h e  f requency  magnitude decreases  on t h e  up run l o g s  and 
i n c r e a s e s  on t h e  down run  logs. 

R e l a t i v e  f low q u a n t i t i e s  are shown by t h e  r e l a t i o n s h i p  
of  logging  speed t o  average sp inne r  f requency,  F igure  2 .  The 
i n t e r p o l a t e d  s p i n n e r  frequency corresponding t o  zero  logg ing  
speed i s  p r o p o r t i o n a l  t o  volumetr ic  flow. About 25% of t h e  
i n j e c t e d  flow i s  l o s t  a t  107 m and most of t h e  remainder a t  
127 m depth .  The s m a l l  remaining flow (7% o f  i n j e c t e d )  t h a t  i s  
i n d i c a t e d  below 1 2 7  m i s  wi th in  t h e  e r r o r  l i m i t s  of  t h e  
measurements, so t h e r e  may be no flow t h e r e .  

The s p i n n e r  flowmeter revea led  t h a t  on ly  a t  107 m and 127 m 
depth w e r e  t h e r e  any s i g n i f i c a n t  breaks i n  t h e  cas ing .  These 
breaks w e r e  g r o u t e d ,  t ak ing  450 and 730 l i t res  of  g r o u t  
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r e s p e c t i v e l y .  P l a i n  cas ing  of smal le r  diameter ( 7  inch)  was 
then cemented i n s i d e  t h e  repa i red  8; inch cas ing  and the  wel l  
is  now back on product ion.  
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Figure 1: Three flowmeter logs made i n  w e l l  Wairakei 216 wi th  
6 l /s  being i n j e c t e d  from the  su r face .  The logging d i r e c t i o n  
and speed are shown bes ide  each record.  Average va lues  of 
sp inner  frequency have been drawn t o  remove c y c l i c  v a r i a t i o n s  
caused by t h e  p i s t o n  pump. 
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F i g u r e  2 :  A p l o t  o f  a v e r a g e  s p i n n e r  f requency  a g a i n s t  
l o g g i n g  speed  f o r  t h e  t h r e e  c o n s t a n t - f l o w  r e g i o n s  i n  t h e  upper  
149 m of Wairake i  216. I n t e r c e p t s  w i t h  t h e  f requency  a x i s  
i n d i c a t e  t h e  r e l a t i v e  amounts o f  f low i n  each r e g i o n .  
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EFFECT OF MEASURED WELLHEAD PARAMeTERS AND WELL SCALING 

ON THE COMPUTED DOWNHOLE CONDITIONS I N  CERRO PRIETO WELLS 

K. P. Goyal, C. W. Miller and M. J. Lippmann 
Earth Sciences Division, Lawrence Berkeley Laboratory, 
University of California,  Berkeley, California 94720 

INTRODUCTION 

The primary objective of modeling a geothermal system i s  t o  be 
able  to predic t  with s o m e  confidence the energy production capacity 
and longevity of the f i e l d  under various production and inject ion 
scenarios. To achieve t h i s  goal, a modeler needs t o  construct a 
comprehensive mathematical model based on available data and vali-  
date  t h i s  model against  the production his tory of the  f i e ld .  This, 
i n  turn,  requires  the data associated with the evolution of the 
f i e l d  due to its exploitation. Typically, t h e  information related 
t o  the var ia t ions i n  the mass flow ra t e ,  enthalpy, pressure, temper- 
a ture  and f l u i d  saturat ion a s  a function of t i m e  i s  used t o  val idate  
the model. The production data is rout inely measured a t  the well- 
head whereas most reservoir models canpute the changes i n  the t em-  
perature,  pressure,  enthalpy, f l u i d  velocity and other physical 
propert ies  of the f l u i d  a t  the sandface. To val idate  any model, 
wellhead data must be corrected t o  r e f l e c t  the downhole conditions. 
In  t h i s  paper, w e  sha l l  confine ourselves to  the discussion of 
computing bottomhole pressures from t h e  measured wellhead data by 
using a wellbore model. Several wellbore models which canpute 
wellhead conditions from the  given bottomhole data have been ci ted 
i n  the  l i t e r a t u r e .  (Sanyal, e t  a l . ,  1979; Aydelotte, 1980; Gould, 
1974). Such calculat ions a re  of i n t e re s t  i n  predicting the condi- 
t i ons  under which an optimum production could be obtained fran a 
given well. This approach does not suit us since our primary goal 
i s  t o  study the  evolution of the f i e l d  due to production. The 
following paragraphs a re  devoted t o  the  discussion of the wellbore 
model and i ts  describing equations, comparison between the computed 
and measured pressures and t h e  e f f ec t  of measured wellhead param- 
e t e r s  on the downhole pressures i n  the well. Finally a wellbore 
m o d e l  with multiple i n s i d e  diameters is  discussed and the e f fec t  
of w e l l  scal ing on the bottom hole pressures is  studied. 

WELLBORE MODEL 

The steady s t a t e  computer program WELFLO used i n  t h i s  study 
ca lcu la tes  the bottomhole conditions i f  the wellhead conditions 
such a s  m a s s  flow r a t e ,  pressure and enthalpy (or dryness f ract ion)  
a re  prescribed. The length of open interval  and heat  loss from the 
w e l l  bore are also considered i n  the program. However, the  e f f ec t  
of the rad ia l  pressure gradient responsible fo r  inflow t o  the w e l l  
is not taken in to  account. The total mass inflow t o  the w e l l  is 
assumed t o  be dis t r ibu ted  evenly throughout the open interval .  
Also, in-place in te rna l  energy i n  the open in te rva l  i s  assumed con- 
s tan t .  The equations, describing a t rans ien t  two-phase flow through 
a w e l l  are discussed i n  Miller (1979).  The steady-state equations 
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of m a s s ,  momentum and energy a s  obta ined  f r m  t h a t  se t  f o r  a con- 
s t a n t  diameter  w e l l  are as fol lows:  

a 
ax - ( P U )  = 0 ( 1 )  

P 1 - a x I  P J 
4H + -  
Di (Tres - Tw) ( 3 )  

The above equat ions  d e s c r i b e  average f l u i d  p r o p e r t i e s  over  t he  
cross s e c t i o n  and t h u s  do not  s a t i s f y  t h e  no-sl ip  boundary condi- 
t i o n  a t  t h e  w a l l  of t h e  w e l l .  The s l ip  is given as a func t ion  of 
f low regime. The limits of  these  reg ions  (bubble ,  s l u g ,  t r a n s i t i o n  
and mis t )  t h a t  w e r e  used are def ined  i n  Orkiszewski ( 1967) S l i p  
for t h e s e  reg ions  i s  d iscused  i n  Orkiszewski, (1967) and Wallis 
(1969).  The program uses  an overall f r i c t i o n  f a c t o r  a s  descr ibed  
i n  Chisholm (1973).  Empirical r e l a t i o n s ,  c o r r e l a t i n g  steam t a b l e s  
for t h e  p r o p e r t i e s  of w a t e r  and w e t  steam a r e  used i n  the program 
(Miller,  1978). These r e l a t i o n s  are accura t e  t o  wi th in  5% of t h e  
steam t a b l e  values .  

MEASURED AND COMPUTED P R E S S W S  I N  WELL M90 

A n  a t tempt  w a s  made t o  c a l c u l a t e  t h e  p re s su res  a t  va r ious  
depths  i n  t h e  bore and then  to compare them with those  measured i n  
t h e  Cerro Prieto w e l l s .  F igure 1 shows the measured and computed 
pressures i n  w e l l  M - 9 0  €or the given wellhead conditions. The w e l l  
is of uniform diameter. Calculated pressure p r o f i l e s  f o r  t w o  dif-  
f e r e n t  wellhead pressures are shown i n  the  f igu re .  One of them i s  
for the measured wellhead pressure of 37.4 kg/cm2 gauge. 
computed pressures are l o w e r  than those  measured throughout t he  
depth  of t h e  w e l l  wi th  a m a x i m u m  d i f f e r e n c e  of about 11%'at  a depth 
of  1380 meters. The second c a l c u l a t e d  p r o f i l e  is for t he  wellhead 
pressure of 39.5 kg/cmzgauge which i s  obta ined  by extending t h e  
measured pressure p r o f i l e  to t h e  sur face .  The m a x i m u m  pressure 
d i f f e r e n c e  in this case is on ly  about  6%. It w a s  observed f r a n  t h e  
computer ou tput  t h a t  a two-phase s l u g  f low regime e x i s t e d  through- 
o u t  t h e  w e l l  and t h u s  a d r a s t i c  change i n  pressure g r a d i e n t  is not  
l i k e l y  near  the wellhead. I n  o t h e r  words, one would expect a 
wellhead p r e s s u r e  of 39.5 kg/cm* gauge a t  the  wellhead i f  t h e  
pressures measured i n  t h e  w e l l  are correct. Or  a l t e r n a t i v e l y ,  i f  
t h e  measured wellhead pressure of 37.4 kg/cm2 gauge i s  correct, 
then  t h e  measured downhole pressures should be i n  error. Th i s  

The 
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shows tha t  there ex i s t s  a discrepancy between the pressures meas- 
ured a t  the wellhead and those i n  the  well. As i n  any other f i e l d  
work or experimentation, such discrepancies do arise a s  a d i rec t  
r e su l t  of human errors ,  instrumental errors  or both. The computed 
and measured p ro f i l e s  for  M-90 are  i n  good agreement. However, i t  
must be emphasized tha t  even a 5% er ror  i n  the  calculation can 
lead t o  a - l a r g e  absolute error. For M-90, 5% er ror  is about 70 
ps i .  A comparison between the  measured and computed pressures in 
the Cerro Prieto w e l l  M-51 was also made. It was found that 
computed pressures were w i t h i n  6-7% of those measured i n  the well. 

EFFECT OF HEAT LOSS AND OPEN INTERVAL ON COMPUTED DOWNHOLE PRESSURE 

The ef fec t  of heat loss fran the wellbore to the surroundings 
on the w e l l  pressure was also studied by considering tha t  a l i nea r  
temperature prof i le  (assumed t o  approximate the natural geothermal 
gradient) ex i s t s  in t h e  reservoir a t  a distance ( R 1 )  of 1 m and 5 m 
from the well. A hyperbolic prof i le  was then f i t t e d  between the 
well and the geothermal gradient to  obtain the temperature gradient 
a t  the well. It was found t h a t  the maximum pressure drop associated 
with heat loss for  R1 = 1 m was about 2.5% while negligibly s m a l l  
f o r  R1 = 5 m i n  w e l l  M-90. Thus, f o r  a l l  p rac t ica l  purposes, steady 
state heat transfer from C e r r o  Prieto production w e l l s  can be 
neglected. a u l d  ( 1974) also arrived a t  the same conclusion for  
high production wells. To study the effect  of t h e  thickness of 
open internal  on the bottom hole pressures, we varied t h e  thickness 
from 10 m t o  160 m i n  the w e l l  M-90. It was found tha t  an increase 
of only about 0.5% occurred i n  the bottom hole pressures for  an 
open interval  of 160 m. Thus, f o r  all the cases discussed here- 
a f t e r ,  w e  assume tha t  the heat loss fran the well i s  negligibly 
small, and t h a t  the  depth of the open interval  i s  equal t o  t h e  
distance between two nodes i n  the f i n i t e  difference mesh. 

EFFECTS OF WELLHEAD PARAMETERS 

A s  noted, a poss ib i l i ty  e x i s t s  that the measured wellhead 
parameters such a s  pressure, mass flow r a t e ,  dryness fraction, 
enthalpy, e tc . ,  may be i n  e r ror  by a few percent. Thus, i t  seems 
appropriate t o  f i n d  the e f f ec t  of such er rors  on the calculated 
downhole pressures i n  t h e  w e l l .  We varied three important w e l l -  
head parameters (mass flow r a t e ,  pressure, and enthalpy) w i t h i n  
+20% of t he i r  measured value in well M-90 and calculated the change 
on the bottom hole pressures. 
- 

Table 1 shows bottom hole pressures (BHP) for  different  mass 
flow r a t e s  i n  well M-90. For a 20% increase in mass flow r a t e  a t  
t h e  wellhead, t h e  bottom hole pressure increased by about 6.5% the 
f o r  a 20% decrease i n  flow r a t e  there is about 5% decrease i n  BHP. 
The difference between wellhead and downhole pressure i s  not 
affected s ignif icant ly  by t h e  mass flow ra te .  However, it maybe 
noted tha t  the wellbore model i s  independent of the reservior. 

Table 2 shows the e f fec t  of w e l l  head pressures (WHP) on t h e  
BHP i n  w e l l  M-90. It may be observed tha t  a 20% increase i n  WHP 
r e su l t s  i n  an increase of about 25% i n  BHP while a 20% decrease i n  
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t h e  WHP l e a d s  to  about 18% decrease i n  BHP. The error i n  the  WHP 
i n  t h i s  case  shows up d i r e c t l y  i n  the  BHP. 

E f fec t  of enthalpy on BHP is  shown i n  Table 3. It may b e  
observed t h a t  an enthalpy inc rease  of 20% reduces BHP by about 14% 
bu t  a corresponding decrease l eads  to  an increase  of about 70% i n  
BHP. An increase  i n  enthalpy r e s u l t s  in more steam and l i g h t e r  
f l u i d  g iv ing  rise to  lower pressures a t  the bottom of t h e  w e l l  as 
shown i n  Table 3. BHP i s  not  a f f ec t ed  as much by an  inc rease  i n  
enthalpy a s  it does by decreasing t h e  same. This  may be  a t t r i b u t e d  
t o  t h e  f a c t  t h a t  a decrease i n  the  enthalpy r e s u l t s  in a denser ,  
heavier  f l u i d  g iv ing  rise t o  higher p re s su res  a t  t he  bottom of t h e  
w e l l .  E f f ec t  of flowing dryness f r a c t i o n  a t  the  wellhead on BHP 
w a s  also s tudied .  I t  w a s  found t h a t  a v a r i a t i o n  i n  enthalpy a f -  
f e c t s  t he  downhole pressures more than a corresponding change i n  
t h e  dryness f r ac t ion .  The f l u i d  en tha lp i e s  a t  Cerro P r i e t o  w e l l s  
are ca l cu la t ed  by using dryness f r a c t i o n  and steam p r o p e r t i e s  a t  
t h e  separa tor  pressure. Thus, it is advisable  t o  compute BHP by 
us ing  dryness f r a c t i o n  rather than enthalpy t o  avoid t h e  possibil- 
i t y  of  a compounding e r ro r .  

EFFECTS OF WELLBOm DIAMETER AND SCALING 

I n  add i t ion  to  t h e  measured wellhead da ta ,  t h e  in s ide  diameter 
of the  w e l l  i s  needed t o  c a l c u l a t e  t he  BHP. A s tudy  w a s  done t o  
f i n d  i t s  e f f e c t  on the  ca l cu la t ed  bottom hole  pressures .  T a b l e  4 
shows t h e  ca l cu la t ed  BHP i n  M-90 f o r  var ious  in s ide  r a d i i .  The 
BHP w a s  41% more f o r  1 2  cm i n s i d e  diameter and 150% more for 8 cm 
diameter compared t o  t h a t  for 16.3 cm diameter. Thus, i n  the  8 cm 
diameter case,  a reduct ion of 76% i n  area leads  t o  a much higher 
i nc rease  ( 1 5 0 % )  i n  t he  downhole pressure.  This  f i g w e  may b e  
u n r e a l i s t i c  s i n c e  a l a r g e  reduct ion i n  the  a rea  is assumed through- 
out t h e  wellbore. In any event ,  it is  c l e a r  t h a t  t he  e f f e c t  of 
i n s i d e  diameter on the  BHP is  considerable .  Some Cerro Prieto 
w e l l s  do have l a rge  scale deposits. For example, w e l l  M-30, which, 
as  of  1976, had s c a l i n g  i n  excess of 60 mm at a depth of 1,500 
m e t e r s .  Similar scale deposits w e r e  a l s o  observed i n  many o t h e r  
wells i n  the  f i e l d .  Thus, t o  obta in  reasonable va lues  f o r  down- 
hole  pressures, it is  necessary t o  have a computer program which 
accounts f o r  v a r i a t i o n s  i n  the  wellbore diameters.  Using t h e  
c o n t r o l  volume concept, t h e  following equat ions of m a s s ,  momentum 
and energy w e r e  der ived f o r  a f i n i t e  volume i n  which the  diameter 
change occurred. 
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In d e r i v i n g t h e  above equations,  w e  have neglected energy 
d i s s i p a t i o n  due to f r i c t i o n  and eddy los ses .  In these  equat ions 
'up' s tands  f o r  the  upstream side and 'down' f o r  the downstream 
s ide .  Subscr ipt  E s tands  f o r  l i q u i d  and g f o r  steam. Given the  
condi t ions  a t  po in t  'up' ,  t h e  parameters a t  p i n t  'down' could 
be ca lcu la ted .  Figure 2 shows the  computed and ca l cu la t ed  pres- 
s u r e s  in the  C e r r o  Prieto w e l l  M - 9 1 .  The ins ide  diameter of t he  
w e l l  changes a t  a depth of about 1940 meters. It was found f r o m  
the  computer ou tput  t h a t  a t w o  phase s lug  flow e x i s t s  in the  w e l l  
above 900 metres and a s i n g l e  phase l i q u i d  water flows below 
950m. A change i n  the  pressure g rad ien t  a t  about 900-1000 m depth 
is  not iced.  It is c l e a r  from t h e  f i g u r e  that  there  is an exce l l en t  
agreement between the  measured and computed pressures .  The 
percentage d i f f e rence  i n  BHP i s  less than 1 % .  

W e l l  M-39 of C e r r o  Prieto f i e l d  was a l s o  selected to s h o w  t h e  
e f f e c t  of m u l t i p l e  i n s i d e  casing diameters on downhole pressures 
(F igure  3 ) .  Production da ta  f o r  June 1976 w a s  used t o  canpute 
downhole pressures .  Pressures  ca l cu la t ed  using t h e  a c t u a l  casing 
diameters are h ighes t  among a l l  t h e  cases shown. Pressure gradi-  
e n t  between 1000 m t o  1100 m depth change in response to  changes 
i n  i n s i d e  casing diameters. Higher p re s su re  g rad ien t s  below 1200 
meters i n d i c a t e  s i n g l e  phase l i qu id  flow. The computed p res su res  
for the  uniform i n s i d e  diameters of 0 .2012  m and 0.2736 m, a s  
shown in Figure 3, are lower than those obtained us ing  t h e  ac tua l  
diameters. In  f a c t ,  bottom hole  pressures decrease by 31.6% and 
67.8% f o r  t he  i n t e r n a l  diameter of 0 .2012  m and 0.2736 m, respec- 
t i v e l y .  Pressures  ca l cu la t ed  assuming a uniform diameter of 
0.177 m were very  close to  those cauputed using t h e  actual casing 
diameter. This i n d i c a t e s  t h a t  t h e  g rav i ty  e f f e c t  dominates the  
pressures more than the  i n e r t i a  e f f e c t  when t h e r e  i s  s i n g l e  phase 
l i q u i d  flow. Unfortunately,  no data for measured downhole pres- 
sures w e r e  a v a i l a b l e  t o  c o m p a r e  wi th  these  computed pressures. 
These results i n d i c a t e  t h a t  the  computed downhole pressure may b e  
s i g n i f i c a n t l y  i n  e r r o r  i f  actual i n s i d e  cas ing  diameters are not  
taken i n t o  account. 
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Figure 4 shows the  e f f e c t  of s i z e  and p o s i t i o n  of t h e  scale 
depos i t s  or of a l i n e r  of 200 m length  on the  pressure  d i s t r ibu -  
t i o n s  i n  the  Cerro P r i e t o  w e l l  M-51. Pressures  are l a r g e r  f o r  
t h i c k e r  scale deposits s ince  one would require higher pressures 
t o  push the  f l u i d  through a s m a l l  opening. A l i n e r  of small 
diameter set  near the  wellhead needs higher  b o t t o m  ho le  p re s su re  
compared t o  the  one set near  t h e  b o t t o m  of the  w e l l  bore. This  
is  due to t h e  p re s su re  propagation i n  the  w e l l  bore. A similar 
prof i le  w a s  measured i n  t es t  11-3 of the  w e l l  BR-11 where s o l i d  
scale d e p o s i t s  up t o  2 inches t h i c k  were found i n  the l i n e r  
(Gould, 1974). 

CONCLUSIONS 

W e  have found t h a t  ca l cu la t ed  downhole p re s su res  a r e  quite 
s e n s i t i v e  t o  measured w e l l  head condi t ions and w e l l  i n s i d e  diameter 
da t a .  The parameters t o  be measured, i n  order  of decreasing 
accuracy, are w e l l  i n s i d e  diameter,  wellhead pressure, dryness  
f r a c t i o n  and mass flow r a t e .  Based on the  da t a  presented w e  
cons ider  t h a t  LBL's canputer program WELE'LO calculates reasonable 
downhole condi t ions  provided t h a t  accura te  da t a  is  provided. 
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NOMENCLATURE 

Aup(down) = i n s i d e  area of t h e  w e l l  a t  upstream (downstream) 

Aav = average area of the w e l l  = 
D i  = i n s i d e  diameter of t h e  w e l l ,  m 
e = i n t e r n a l  energy, of the  s t e a m - w a t e r  m i x t u r e ,  J/kg 
ea( g) = i n t e r n a l  energy of w a t e r  (steam), J /kg  
f = c o e f f i c i e n t  of f r i c t i o n  in the  two-phase flow 
9 = g r a v i t a t i o n a l  acce le ra t ion ,  m/sec2 
H 
P = pressure i n  the  w e l l  a t  any cross sec t ion ,  Pascals  
Tres = r e s e r v o i r  temperature, OK 
T W  = W e l l  temperature, OK 
U = mass averaged ve loc i ty  i n  x-direct ion,  m/sec 

= v e l o c i t y  o f  water (steam) i n  the  w e l l ,  m/sec U a ( g )  U r  
= s l i p  v e l o c i t y  = ve loc i ty  of steam - ve loc i ty  of water, 

X = coordinate  axis passing through the center  of t h e  w e l l ,  

a = s a t u r a t i o n  of steam 
Ax = i n t e r v a l  between two nodes i n  t h e  f i n i t e  d i f f e rence  scheme, m 
P 
P Q ( ~ )  = dens i ty  o f  water (steam) i n  the  w e l l ,  kg/m3 

s i d e ,  m2 
+ %,,)/2, m2 

= f i l m  h e a t  t r a n s f e r  c o e f f i c i e n t  i n  the  w e l l ,  J / s ec -m2-OK 

d sec  

upward p o s i t i v e ,  m 

= dens i ty  of  t he  steam-water m i x t u r e ,  Kg/m3 
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TABLE 1: E f fec t  of mass f l o w  r a t e  on the  b o t t o m  hole pressures 
(B.H.P.)  i n  the C e r r o  Prieto w e l l  M-90 

-~ 
PERCENTAGE MASS E'LOW RATE B.H. Po 

CHANGE ( T o n n e s / h r  1 ( K g / m  2-g) % D I F F  B.H.P. 
+20% 195.60 95.6 146 +6.5 
+15% 187.45 94 0685 +4 -8 
+lo% 179.30 92.601 4 +3.184 
+ 5% 171.15 91 1352 +1.57 

0% 163.00 89.71 22 0 - 5% 154.85 88.3324 -1 - 5 2  
-1 0% 146.70 86 996 -2.99 
-1 5% 138.55 85.9179 -4.18 
-20% 130.40 84 9890 -5.2 

TABLE 2: W e l l  head pressures and corresponding b o t t o m  hole 
pressures (B.H.P.)  i n  the C e r r o  Pr ie to  w e l l  M-90 

PERCENTAGE WELLHEAD PRESSURE B. He Po 
CHANGE ( Kg/ CIU 2- g 1 ( Kg/ an 2-g) % D I F F  B.H.P. 

+20% 47.40 112.776 +25.42 
+15% 45.43 107.047 +19.10 
+lo% 43.45 101 205 +12.66 
+ 5% 41 - 4 8  95.2621 + 6.12 

0% 39.5 89.71 22 0% - 5% 37.53 84 90 74 - 5.29 
-1 0% 35.55 80.6937 - 9.94 
-15% 33 58 77.0025 -14.00 
-20% 31.6 73.7 173 -17.63 

TABLE 3: E f f e c t  of w e l l  head en tha lpy  o n  the downhole 
pressures i n  the C e r r o  Prieto w e l l  M-90 

PERCENTAGE ENTHALPY B.H.P. 
CHANGE ( K c a l / k g )  ( Kg/ 2-g) % D I F F  B.H.P. 

+20% 387.60 77. 1392 -13.85 
77.6372 -13.31 +lo% 355.30 

+ 5% 339.15 80.455 2 -1 0.20 
0% 323.00 89.71 22 0 - 5% 306.85 1 t 1.342 +23.83 

-1 0% 290 70 131 156 +45.67 
-15% 274.55 146.203 +6 2. 252 
-20% 258.40 153 3 16 +70 09 

TABLE 4:  E f f e c t  of w e l l  ins ide  diameter on the bottom hole 
pressures in the C e r r o  Prieto- w e l l  M-90 

B.H. P. % D I F F  
( m) (m2) (m2) (Kg/m2-gauge) B.H. P. 

I N S I D E  RADIUS AREA % A R E A  CHANGE 

0.08172 2 . 0 9 8 ~ 1  0'2 0 89.7122 0 
0.06 1 . 1 3 0 9 7 ~ 1 0 ' ~  -46.1 127.071 41.17 
0.04 5 . 0 2 6 5 ~ 1 0 ' ~  -76.04 225 592 149.74 
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Figure 1. Measured and 
calculated pressures in the 
Cerro Prieto well M-90. 
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Figure 3. Effect of inside 
diameter on the calculated 
pressures for the Cerro 
Prieto well M-39. 
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Figure 2. Computed and 
measured pressures in the 
Cerro Prieto well M-91. 
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Figure 4 .  Effect of size and loca- 
tion of scaledeposits on the pres- 
sures in the well. 



-1 39- 

ESTIMATING MI-\XIMUM DISCHARGE OF GEOTHERYAI, WELLS 

Russel l  James, 
D S I R ,  Wairakei, Taupo, New Zealand. 

ABSTRACT 

We cannot t e l l  how 'good' a w e l l  is un le s s  we can e s t ima te  the  
m a x i m u m  flow p o s s i b l e  under such i d e a l  condi t ions  a s  complete permeabi l i ty  
a t  t he  product ion horizon and b o i l i n g  po in t  throughout t h e  depth  o f  the  
r e s e r v o i r .  Calculated Lip p re s su res  f o r  v e r t i c a l  wide-open d ischarge  under 
these  cond i t ions  a r e  s u r p r i s i n g l y  independent of the  kind of f l u i d  tapped 
by t h e  w e l l ,  whether dry  sa tu ra t ed  steam o r  sa tu ra t ed  h o t  water .  

The s t a t u s  of an a c t u a l  wel l  can be e s t ab l i shed  by comparing the  
measured Lip p re s su re  wi th  the  ca l cu la t ed  t h e o r e t i c a l  maximum. 

Discharges a r e  simply determined from the  va lues  of Lip pressure  and 
supply f l u i d  enthalpy.  

INTRODUCTION 

Some yea r s  ago, I was working on  a Wairakei w e l l  which tapped a 
supply of s a t u r a t e d  hot  water (water a t  t h e  b o i l i n g  p i n t  f o r  i t s  p r e s s u r e ) .  
During a per iod  of  about a month, t h e  f l u i d  changed t o  d ry  sa tu ra t ed  steam 
a t  t h e  same temperature and p res su re ,  b u t  no change w a s  observed i n  the  
Lip p re s su re  a t tached  t o  the  v e r t i c a l l y  discharging wel l  when blown wide- 
open. Of course ,  t h e  a c t u a l  f low-rate  would have decreased considerably a s  
t h i s  i s  r e l a t e d  t o  Lip pressure  and f l u i d  enthalpy i n  t he  following 
equat ion ,  James (19621. 

- 
0.96 

1839 P 
G C 

1 . 1 0 2  
- - 

hO 

2 
G Flow, t / m  s 
P 

h F lu id  enthalpy,  kj/kg 

Lip p re s su re  , b a r s  
C 

0 

Obviously the d r iv ing  f o r c e  and c o n t r o l l i n g  f a c t o r  was the  presence 
of the compressible vapour phase, w i t h  the w a t e r  being merely dragged 
along a s  a passenger;  a t  l e a s t  t h a t  w a s  t h e  s u p e r f i c i a l  hypothesis  
advanced a t  the  t i m e .  It would, of course,  be  extremely d i f f i c u l t  t o  
experimental ly  v e r i f y  t h i s  phenomenon over a range of w e l l  depths  and 
f l u i d  temperatures and types.  Hence, t h e  approach undertaken here  i s  t o  
c a l c u l a t e  L i p  p re s su res  over a range of  w e l l  dep ths  and bore diameters 
f o r  (a) dry  s a t u r a t e d  steam, and (b] s a t u r a t e d  h o t  water .  This  i s  
accomplished s p e c i f i c a l l y  f o r  t h e  condi t ion  shown i n  Figure 1 where the  
w e l l  is  discharged wide-open v e r t i c a l l y  and where supply horizon 
permeabi l i ty  is  considered a s  p e r f e c t  w i t h  no r e s t r i c t i o n  o n  flow i n t o  
t h e  w e l l  a t  depth.  
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A s  an unmanageable mix of we l l  depths  and bottom hole  condi t ions  i s  
poss ib l e  t o  envisage,  i t  was decided t o  s impl i fy  ma t t e r s  by imposing 
a r e l a t i o n s h i p  between these  f a c t o r s .  Fo r tuna te ly ,  such a r e l a t i o n s h i p  
e x i s t s  i n  p r a c t i c e  a s  i t  appears  t h a t  geothermal r e s e r v o i r s  e i t h e r  a r e ,  o r  
tend towards Boi l ing  Po in t  wi th  Depth (BPD)  , so t h a t  bo th  pressure  and 
temperature inc rease  progress ive ly  wi th  depth from t h e  ground su r face ,  
o f t e n  down to  a so-ca l led  Base temperature.  Over the  depth a t  which BPD 
o b t a i n s ,  b o i l i n g  water and steam co -ex i s t ,  and depending on t h e  permea- 
b i l i t y - p o r o s i t y  of t h e  rocks ,  t h e  w e l l  may draw e i t h e r  of these  f l u i d s  
from t h e  supply horizon o r  even a mixture of both.  When suppl ied with 
sa tu ra t ed  h o t  water,  steam genera t ion  ( f l a s h i n g )  s t a r t s  immediately and 
cont inues a s  t he  f l u i d  ascends t o  t h e  wellhead. Supplementary steam from 
the  rock mat r ix  may inc rease  the  f l u i d  enthalpy above t h a t  expected 
f r o m  t h e  horizon w a t e r  temperature b u t  w e  s h a l l  only cons ider  the  extreme 
condi t ions  here ,  of a l l -water  o r  a l l - s team en te r ing  t h e  we l l .  

0 For the  case  where water i s  b o i l i n g  a t  t he  ground s u r f a c e  a t  100 C 
and a t  g r e a t e r  temperatures a t  depth due t o  t h e  inc reas ing  hydros t a t i c  
head imposed by b o i l i n g  water ,  w e  have the  fol lowing equat ion  der ived by 
J a m e s  (1970) and i n  t h e  metr ic  form: 

C 
0.2085 

69.56 H - - f o r  30 < H < 3 000 

0 
C Reservoir temperature ,  Ce l s ius  
H Depth i n  metres 

So f o r  any p a r t i c u l a r  depth of  w e l l , / w e  may take  the  supply f l u i d  
temperature from the  above equat ion and hence o b t a i n  from published Steam 
Tables,  t h e  a s soc ia t ed  p res su re ,  s p e c i f i c  volumes of steam and water a s  
we l l  a s  en tha lp i e s  and o t h e r  d a t a .  

under conditions of  BPD, 

DRY SATURATED STEAM CALCULATION 

Lapple (1943) t h e o r e t i c a l l y  es t imated t h e  flow of  compressible 
f l u i d  through long p i p e s  t o  t h e  atmosphere and t h i s  was l a t e r  experi-  
mental ly  confirmed by James (1964) s p e c i f i c a l l y  f o r  dry  s a t u r a t e d  steam. 
The method of c a l c u l a t i o n  i s  given i n  d e t a i l  by J a m e s  (1970) where c h a r t s  
are presented  o f  flow, v i s c o s i t y  and s p e c i f i c  volume toge the r  with 
formulas t o  e s t ima te  Reynold N u m b e r s  of  f lows and f r i c t i o n  f a c t o r s  i n  
commercial s t e e l  pipes. 

0 The approach i s  to  s e l e c t  a temperature ,  say 250 C and, from Steam 
T a b l e s ,  o b t a i n  t h e  steam p res su re  o f  39.73 b a r s ,  and from equat ion (2) 
the depth  of 462 m. The steam flow to  atmosphere is now ca lcu la t ed  and 
converted to  Lip p r e s s u r e  employing equat ion  (1) i n  which t h e  steam enthalpy 
h = 2801.5 kJ/kg a t  250 . A t r i a l  method i s  requi red  a f t e r  i n i t i a l  
gEessing of t he  f r i c t i o n  f a c t o r ,  and as umption of a w e l l  bore  diameter.  
Resul t s  a r e  char ted  on Table 1 a q a i n s t  c 

0 

which crave a reasonable 
2 

0.602 d 
C 
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s t r a i g h t  l i n e  on log-log paper when p l o t t e d  a g a i n s t  supply f l u i d  a s  shown 
on Figure 2.  

Table 1 P l o t  r e l a t i n g  supply steam temperature t o  
Lip p re s su re  and wel l  bore diameter 

C 

1 7 5  
200 
225 
250 
275 
3 00 
320 
340 

7 .46  
9 . 6 0  

1 2 . 1 3  
1 5 . 0 8  
18 .56  
22 .75  
26 .88  
32 .25  

SATLRATED HOT WATER CALCULATION 

I 

A s  f o r  dry s a t u r a t e d  steam, d e t a i l e d  c a l c u l a t i o n s  a r e  presented by 
James (1970)  t oge the r  with c h a r t s  of v i s c o s i t y  and s p e c i f i c  volume f o r  
homogeneous mixtures of steam-water substance,  a t  var ious  pressures  and 
e n t h a l p i e s .  
assumed v a l i d  f o r  t h e  case  of maximum u n r e s t r i c t e d  v e r t i c a l  flow t o  the  
atmosphere a s  i t  agrees  wi th  measured values  on powerful wel l s .  

The acceptance of no-s l ip  between the  steam and water  i s  

A s  i n  t he  case f o r  dry s a t u r a t e d  steam, a downhole temperature i s  
and s e l e c t e d  which permits  the depth to  be c a l c u l a t e d  from equat ion ( 2 )  

thermodynamic da ta  der ived from Steam Tables ,  b u t  here  w e  have a l l -water  
en te r ing  the  w e l l  and inc reas ing  i n  steam f r a c t i o n  a s  i t  r i s e s  t o  be 
discharged t o  the  almosphere. 
sound a t  the  Lip p re s su re  loca t ed  on t h e  r i m  of t he  p ipe  o u t l e t .  
method i s  necessary i n  which bo th  L i p  p ressure  and p ipe  f r i c t i o n  f a c t o r  
have t o  be i n i t i a l l y  guessed. Overal l  pressure-drop is the  sum of  
hydros t a t i c  pressure-drop, f r i c t i o n a l  pressure-drop and pressure-drop 
due t o  t h e  inc rease  i n  k i n e t i c  energy wi th in  t h e  p ipe  from bottom e n t r y  
to  top  e x i t .  

This d ischarge  takes  p lace  a t  t h e  speed of 
A t r i a l  

R e s u l t s  a r e  char ted  on T a b l e  2 s i m i l a r  t o  tha t  f o r  dry sa tu ra t ed  
steam, and then p l o t t e d  on Figure  2. 
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200 
250 
3 00 
330 
3 50 
360 

Table 2 P l o t  r e l a t i n g  supply water  temperature to  Lip 
p re s su re  and we l l  bore diameter  

9.35 
15.60 
22.71  
27.75 
31.00 
33.70 

CONCLUSIONS 

I t  should be poin ted  o u t  t h a t  t he  ex t raord inary  agreement shown 
on Figure 2 f o r  both steam flow and f l a sh ing  h o t  water would m o s t  
probably no t  have been inves t iga t ed  i f  unobserved on a geothermal w e l l  a t  
Wairakei, where ho t  water  a t  t he  bottom changed over  t o  steam a t  t he  same 
temperature and p res su re .  

A s  both  bottom h o l e  and e x i t  p re s su res  a r e  i d e n t i c a l ,  one might 
assume t h a t  t h e  p re s su re  curve over  t h e  w e l l  dep th  i s  a l s o  the  s a m e  and 
hence i t  may be p o s s i b l e  t o  e s t ima te  t h e  steam-water pressure-drop a t  any 
l o c a t i o n  by c a l c u l a t i n g  t h a t  f o r  t h e  steam curve ,  b u t  t h i s  would need 
v e r i f i c a t i o n  by experiment. 

I f  t he  match i s  so good f o r  v e r t i c a l  flow, would w e  expect  a s i m i l a r  
match f o r  hor izonta l  flow? Provis iona l  c a l c u l a t i o n s  i n d i c a t e  what one would 
suspec t ,  namely an inc reas ing  divergence with depth  as the  weight of t he  
water  f r a c t i o n  i n  t h e  steam-water mixture  e x e r t s  i t s  dominance. Presumably 
v e r t i c a l  flow has some compensating f a c t o r s  which b r ing  c l o s e  agreement 
with the  homogeneous model, a t  l eas t  over t he  tempera- 
t u r e  range common t o  geothermal r e s e r v o i r s  s u i t a b l e  f o r  p o w e r  e x p l o i t a t i o n  
(175' t o  350OC) .  

The s t r a i g h t  l i n e  on F igure  2 passes  through a l l  t h e  p l o t t e d  
p o i n t s  with good agreement and has t h e  fol lowing equat ion:-  

pc - - (&)2-1g5 
0.602 

C 
d 

( 3 )  
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ILLUSTRATIVE EXAMPLE 

I f  a 0.2 m diameter  geothermal we l l  i s  d r i l l e d  800 m i n t o  a r e s e r v o i r  
which is  a t  b o i l i n g  p o i n t  throughout i t s  depth,  what i s  the  maximum flow 
poss ib le?  

Maximum flow occurs  a t  wide-open v e r t i c a l  d i scharge  a s  shown i n  F igure  1, 
and f o r  p e r f e c t  permeabi l i ty  a t  t h e  downhole supply horizon,  which i s  he re  
assumed . 
The temperature a t  a depth of 800 m i s  ca l cu la t ed  from equat ion ( 2 )  

= 280.32O C 
0.2085 

C = 69.56 (800) 
From Figure 2 ,  t h e  equat ion of  t h e  l i n e  i s  now used:- 

0 I f  t h e  f l u i d  e n t e r i n g  the  w e l l  is  s a t u r a t e d  h o t  water a t  280.32 t h e  
enthalpy from Steam Tables is 1238 kj/kg. Then from equation (11, 

2 
0.96 

= 4.87 t / m  s 1839 (7.45) 

(1238) '.lo2 
G =  

Fluid  flow i n  tonnes/hour = 4 -87 (3600) - TT (0.2) 
4 

= 550.31 t /h  

I f  f l u i d  en te r ing  t h e  w e l l  is  dry s a t u r a t e d  steam, the  enthalpy from 
Steam Tables i s  2779 kj/kg. 
Then from equat ion (1) , 

2 0.96 
= 2.01 t / m  s 1839 (7.45) 

(2779) lo2 
G =  

2 
= 2 . 0 1  (3600) TT (0 .2)  Steam flow i n  tonnes/hour - 

4 

= 226.91 t/h 

These are the  maximum flow-rates  poss ib l e ;  a c t u a l  w e l l s  have reduced 
discharges due p r i n c i p a l l y  t o  r e l a t i v e  impermeabili ty of r e s e r v o i r  
rocks r e t a r d i n g  inf low a t  the  supply horizon (granula ted  bed, f i s s u r e  
o r  f r a c t u r e s ) .  
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SIGNIFICANCE OF THE MAXIMUM DISCHARGING-PFESSUE 

OF GEOTHERMAL WELLS 

Russe l l  James 
DSIR, Wairakei, Taupo, New Zealand 

ABSTRACT 

I t  would be impressive t o  r a i s e  the  wellhead p res su re  of  a hot-water 
geothermal borehole  t o  t h e  maximum s u s t a i n a b l e  by flow and from t h i s  
deduce the  supply water  temperature ,  r a t e  of d i scharge ,  dryness  f r a c t i o n  
and dens i ty  of t he  wellhead f l u i d .  All t h i s  da t a  can, i n  f a c t ,  be obtained 
from the  reading of t h e  p re s su re  gauge i n s t a l l e d  below the  wellhead c o n t r o l  
valve so long a s  t h e  flow condi t ion  i s  t h a t  given above. The t e n t a t i v e  
r e s u l t s  can be va luable  f o r  un tes ted  we l l s  d r i l l e d  i n  i s o l a t e d  a r e a s ;  and 
f o r  monitoring product ion w e l l s  a s  i t  permi ts  e s t ima tes  t o  be made of 
changing subterranean cond i t ions .  

INTRODUCTION 

From the  e a r l y  days a t  Wairakei, i t  was noted t h a t  wellhead 
p res su res  could only  b e  r a i s e d  t o  a c e r t a i n  maximum value  when t h r o t t l i n g  
discharge.  Any a t tempt  to  r a i s e  it f u r t h e r  r e s u l t e d  i n  c o l l a p s e  of t h e  
flowing steam-water mixture  and c losu re  of t he  w e l l .  From a wide-open 
v e r t i c a l  d i scharge  of about  500 t / h ,  t h e  most product ive w e l l s  would reduce 
t o  about 110 t /h a t  a Maximum Discharging-Pressure (.MDP] of 25 .7  b a r s  o r  
thereabouts .  T h i s  was f o r  0 .2  m diameter boreholes  d r i l l e d  i n t o  the  
Wairakei r e s e r v o i r ,  which approximated t o  Boi l ing Po in t  wi th  Depth (BPD) 
down t o  about 460 m a t  2S0°C. 
was ca l cu la t ed  by J a m e s  (1970) as:- 

A c o r r e l a t i o n  between the  e s s e n t i a l  f a c t o r s  

0 - 2 8 3  f o r  8 < P < 80 (see Notation) (1 1 m 
c = 99.75 P 

m 

Borehole tests i n  a number o f  c o u n t r i e s  have shown t h i s  equat ion t o  b e  
su rp r i s ing ly  accu ra t e  (confirmed by downhole K u s t e r  measurements on flowing 
w e l l s )  i n  es t imat ing  supply water  temperatures from va lues  o f  MDP; this i n  
s p i t e  of steam-water mixtures  being considered as homogeneous. Also,  
f r i c t i o n a l  pressure-drop  w a s  ignored, as w a s  k i n e t i c  energy inc rease  i n  the  
flowing f l u i d  and p o t e n t i a l  energy requirements to  e l e v a t e  f l u i d  t o  the 
wellhead. These w e r e  found n e g l i g i b l e  compared wi th  the  hydros t a t i c  head 
imposed by t h e  column of  ascending steam-water m i x t u r e .  

0.981 L 
10 v 

SW 

Hence P - P  = 
s m 
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where V i s  t h e  
average p res su re  s w  

homogeneous steam-water s p e c i f i c  volume taken a t  the  
of P + P over t he  f l a sh ing  l eng th  L and a t  t he  enthalpy 

S m 
9 

h of the  supply water  tgmperature C .  
s h i p  i n  a r e s e r v o i r  which has  a b o i l i n g  mixture down to  a l e v e l  below 
which p res su r i sed  h o t  water  e x i s t s  i s  shown on Figure  1 and has  the  
equation:-  

The temperature wi th  depth  r e l a t ion -  

C 69.56 
LO. 208 5 

f o r  30 < L < 3 000 (3)  

Even i f  a w e l l  i s  d r i l l e d  t o  below depth L and then discharged a t  
MDP, b o i l i n g  w i l l  f i r s t  s t a r t  wi th in  t h e  casing a t  very close to  depth L 
a s soc ia t ed  wi th  temperature  C i n  t h e  above equat ion.  This ,  no doubt, 
expla ins  t h e  a c c u r a t e  r e s u l t s  obtained whether f l u i d  i s  suppl ied  from the  
BPD zone Or from g r e a t e r  depth  wi th in  t h e  p re s su r i sed  h o t  w a t e r  underlying 
it. 

Equations ( 2 )  and (3)  a r e  requi red  t o  so lve  f o r  P . The r e s u l t s  
are given i n  equat ion  ( l ) ,  which i s  independent o'l? w e l l  diameter due 

t o  the  dominance of  t he  h y d r o s t a t i c  head over f r i c t i o n a l  and k i n e t i c  
energy e f f e c t s .  Using t h e  l a t t e r  equat ion,  f o r  var ious  va lues  of P , t he  
assoc ia ted  supply water  temperatures  and en tha lp i e s  a r e  given i n  T a k e  1. 

DRYNESS FRACTION AND SPECIFIC VOLUME AT THE WELLHEAD 

it is of  i n t e r e s t  t o  s e e  
how the  dryness f r a c t i o n  and s p e c i f i c  volume of t h e  steam-water mixture 
v a r i e s .  Values are c a l c u l a t e d  and given i n  T a b l e  1 and it i s  seen t h a t ,  

'm When t h e  wellhead p r e s s u r e  equals  

over a range of P up to  70 b a r ,  d ryness  f r a c t i o n  
m 

m q% = - 
P 

4 (4 )  

3 
t '  while V is approximately cons t an t  a t  6 m / 

s w  
0 I n  o t h e r  words, whatever t h e  w a t e r  t empera ture . (up  t o  332 C )  supply- 

ing the  w e l l  a t  MDP, t h e  d e n s i t y  of  t h e  steam-water mixture a t  the  wellhead 

appears l i k e l y  t h a t  'Bubble' f low t akes  p l a c e  over  t h e  lower l e v e l s  of t he  
wel l  w i t h  'Churn' f low a t  h igher  l e v e l s ,  as  descr ibed  by T a i t e l  e t  a l .  
(1980).  For these  cond i t ions ,  a t  MDP, bo th  steam and w a t e r  phases t r a v e l  
a t  approximately t h e  same v e l o c i t y ,  hence the  concept of homogeneity 
adopted h e r e  is  a r e a l i s t i c  one. 

is f a i r l y  cons t an t  I t  

FLOW-RATE A T  MDP 

MDP va lues  o f  boreholes  i n  New Zealand are recorded by t h e  Minis t ry  of 
Works and Development, and a s tudy  of  f low-ra tes  a t  d i f f e r e n t  supply water 
e n t h a l p i e s  h and bore  d iameters  d ,  g i v e s  the pragmatic rule 

(5) 
2 w = 2.5 h d 
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q’”0 

2.54 
4 -93  
7.36 
9 .73  

12.19 
15.27 
1 7 . 8 1  
21.53 
26.21 
33.4 

Values of f low- ra t e  a re  g i v e n  i n  T a b l e  1 for a w e l l  of 0.2 m d i a m e t e r .  

vsw 

6 .03 
6 . 0 3  
6.03 
5 -97  
5.94 
6.07 
5 -99  
6 .15  
6 .41  
6.99 

M I X T U R E  VELOCITY AT THE WLLHEAD 

81.4 
100.2 
114 .0  
125.4 
135.4 
1 4 4 . 5  
1 5 3 . 5  
162.7 
1 7 2 . 5  
1 8 4 . 8  

To d e t e r m i n e  the v e l o c i t y  of t h e  steam- 

4.32 
5.32 
6 .05  
6 .65  
7.18 
7.67 
8.14 
8.63 
9 . 1 5  
9 . 8  

~ 

w a t e r  m i x t u r e  a t  the wellhead, upstream of the c o n t r o l  valve. 
w v  

- sw 

- d  
4 

- 
3600 

sw I T 2  A t  MDP, U 

S u b s t i t u t i n g  W of e q u a t i o n  ( 5 ) ,  and  t a k i n g  t h e  v a l u e  of V = 6 as  
c o n s t a n t  o v e r  t he  r a n g e  of i n t e r e s t  where P 5 70 bars.  s w  

m 
h 

188.5 
= - - -  U 

s w  

A s  e x p e c t e d ,  m i x t u r e  v e l o c i t y  i s  independent  of b o r e h o l e  d i a m e t e r  and 
i n c r e a s e s  w i t h  s u p p l y  w a t e r  t e m p e r a t u r e  and P as  shown i n  T a b l e  1. m 

TABLE 1 P h y s i c a l  F a c t o r s  r e l a t e d  t o  P m fo r  a Geothermal W e l l  f l o w i n g  a t  - 

Maximum D i s c h a r g e  P r e s s u r e .  W v a l u e s  fo r  d = 0.2  m .  

P m 

10 
20 
30 
40 
50 
6 0  
70 
80 
90 
00 

CONCLUSIONS 

C 

191.4  
232.9 
261.2 
283 - 3  
301.8 
317.8 
332 
344.7 
356.4 
367 - 2 

h 

814 
1002 
1140.6 
1254 
1354.1 
144 5 
1535 
1627 
1724.7 
1848 

1 u s w  

h o t  -wa t er 
From a simple t e s t  on  a / geothermal  w e l l ,  t h e  Maximum Discharg ing-  

P r e s s u r e  g i v e s  a l o t  of i n f o r m a t i o n ,  and it i s  hoped i t  w i l l  g a i n  world-wide 
u s e .  P r o d u c t i o n  w e l l s  can  be o c c a s i o n a l l y  checked f o r  f a l l  i n  P d u e  to  m d e c l i n e  i n  t h e  s u p p l y  w a t e r  t e m p e r a t u r e  a t  d e p t h ,  as  a change as s m a l l  
a s  1 d e g r e e  C w i l l  be r e f l e c t e d  i n  a measurable  v a r i a t i o n  i n  t h e  wel lhead  
pressure g a u g e  as d e t e r m i n e d  by e q u a t i o n  (1). 

The c o n c e p t  of homogeneity,  a l t h o u g h  n o t  p o p u l a r  i n  t h e  l i t e r a t u r e  of 
two-phase f l o w ,  appears t o  a p p l y  to  t h e  a s c e n t  of geothermal  steam-water 
m i x t u r e s  o v e r  l a r g e  d i s t a n c e s  and w i t h i n  t h e  e n t h a l p y  range  of hot-water  
r e s e r v o i r s .  
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NOTATI 0 N 

C b o i l i n g  water temperature a t  depth L ,  Ce lc ius  
d wel lbore d iameter ,  metres  
h b o i l i n g  water enthalpy assoc ia ted  wi th  C ,  kj/kg 
L depth,  metres  
P Maximum Discharging-Pressure CMDP) a t  wel lhead,  b a r s  
Pm b o i l i n g  water p re s su re  a s soc ia t ed  wi th  C ,  b a r s  
qS dryness  f r a c t i o n  of steam-water mixture  a t  wellhead 
U v e l o c i t y  of steam-water mixture a t  wellhead, m / s  

s p e c i f i c  volume of  steam-water mixture a t  wellhead, 
f low-rate  a t  Maximum Discharging-Pressure,  t / h  W 

0 

sw 
vsw 

ILLUSTRATIVE EXAMPLE 

Under d ischarg ing  cond i t ions ,  t h e  wellhead p res su re  of a prev ious ly  
untes ted  borehole  is  t h r o t t l e d  t o  a maximum value  of  37 b a r s  gauge. What 
p rov i s iona l  deduct ions can be made, assuming a borehole  diameter of 0.2 m ,  
and atmospheric p re s su re  of 1 bar?  

Maximum Discharging-Pressure P = 37 + 1 = 38 b a r s  

From Figure 1 or equat ion  (-1) , C = 99.75 (38) = 279.25OC 

This i s  t h e  temperature of  t h e  water  suppl ied to  the w e l l  a t  depth,  and 
from Steam Tables has an enthalpy h = 2  1235 kj/kg 
From equat ion (5)  , W = 2.5 (1235)  ( 0 . 2 )  = 123.5 t/h which i s  the  flow a t  
a wellhead p res su re  of 38 b a r s .  
Condi t ions a t  t h e  wellhead a r e  a s  fol lows:-  

- 9.5% Dryness f r a c t i o n  a s  a pe rcen t  9% = - - - - 

A s  t h e  va lue  of P 
water mixture  i s  cons t an t  a t  6 m / and d e n s i t y  i s  t h e  r ec ip roca l  0.167 t / m  . 
Wellhead mixture  v e l o c i t y  (homogeneous) from equat ion  (6) , 

m 
0 . 2 8 3  

38 
From equat ion ( 4 )  P 

m -  
4 4 

3 i s  l e s s  than 30 b a r s ,  t he  s p e c i f i c  volume of the  steam- m 
t 

- 6.55 m / s  
- 1235 - - -  

188.5 
U 
SW 

Note T h i s  is no t  j u s t  an academic e x e r c i s e  a s  t he  above example i s  taken 
from the  new Kawerau w e l l  KA 30 which was a f te rwards  t e s t e d  over a range of 
wellhead p res su res .  A t  t h e  MDP of P = 38 b a r s ,  en tha lpy  was measured a s  
1 2 3 5  kj/kg and flow W as 1 2 1  t / h ,  w e c h  is  c l o s e  confirmation of the  above 
e s t ima tes  . 
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WELL TEST ANALYSIS RESEARCH 

H.J. Ramey, Jr., R.N. Horne, F.G. Miller, and W.E. Brigham 
Stanford University 

INTRODUCTION 

Well test analysis offers a rapid way to perform an initial 
assessment of geothermal systems. Well testing includes both pres- 
sure drawdown and buildup testing, and interference testing. De- 
velopment of new well test analyses receives major emphasis in the 
Stanford Geothermal Program. During the year, quite a few studies 
were completed, and reports and papers presented on a variety of 
well test analysis methods. The following summarizes some of the 
more important results. 

(a) Constant Pressure Testing 

Although the conditions which result in constant pressure 
flow often exist for geothermal production and injection wells, the 
methods for analyzing the resulting rate transients and pressure 
buildup for such wells have been incomplete or nonexistent. The 
objective of this work was to review the existing methods of analy- 
sis and to contribute new solutions where needed in order to pro- 
duce a comprehensive well test analysis package for wells produced 
at constant pressure. The work was completed during the year, and 
a technical report, SGP-TR-36, has been published. Other publi- 
cations of results from this project are given by Ehlig-Economides 
and Ramey (April, September, November 1979). 

(b) Parallelepiped Models 

These models have been successful in demonstrating three- 
Last year's dimensional boundary effects in geothermal reservoirs. 

work in this area focused on a three-dimensional reservoir contained 
on all sides and at the top by impermeable boundaries, with a con- 
stant pressure boiling surface at the base. These models (either 
with a partially penetrating well or fracture) were used success- 
fully to analyze well test data from The Geysers and the Travale- 
Radicondoli fields (see Economides et al., 1980). This year's 
activities extended the model to include the configuration of a 
three-dimensional reservoir with a boiling surface at the base and 
a condensation surface at the top. This situation is character- 
istic of the Kawah Kamojang field in Indonesia, and also of some 
parts of The Geysers. 
lustrated in Fig. l. The objective of this study is to produce 
generally useful type-curves with an emphasis on detection of the 
outer limits of the reservoir. It is also intended that these 
models be used to represent the entire drainage volume for a power 
plant (encompassing ten or more wells). 

Typical drawdowns for such a system are il- 
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(c) "Slug Test" DST Analysis 

The solutions for the slug test (decreasing flowrate) 
drill stem test (DST), including wellbore storage and skin effect, 
were presented by Ramey et al. in 1975. In field data from slug 
test DSTs, an initial period of constant flowrate can often be ob- 
served. A new model which includes the initial constant flowrate 
for a slug test was developed. 
then matched with field data. The slug test type-curves can be 
applied to both the flow period and the pressure buildup after a 
short initial shut-in in a DST. A special feature of the new type- 
curves is that they may be used to estimate the initial formation 
pressure from the initial cleanup flow pressure buildup data even 
when the flow is so short that a Horner buildup graph is not possi- 
ble (see Shinohara and Ramey, 1979a). 

Type-curves were graphed which were 

In deep, high-rate wells, the inertia and momentum of the li- 
quid moving in the wellbore become important. Most available pres- 
sure transient solutions neglect these phenomena. Sometimes the 
inertia effect can cause oscillation of the liquid level in the well- 
bore. An approximate method using an exponentially damped fluctua- 
tion was presented by van der Kamp in 1976. However, this method 
cannot be applied to the early time pressure behavior, which is of-  
ten of interest. A complete analytical solution for this problem 
was found, and the resulting type-curves were graphed and matched 
with field examples. Figure 2 shows some of the new solutions. The 
parameter x represents the fractional liquid level rise following 
the sudden removal of the liquid from a static wellbore. This acts 
like opening a bottomhole valve in a DST when there is air in the 
drill pipe. 

D 

The parameter a2 is: 

where L is the well depth and g is the acceleration of gravity. 
Other symbols have their usual interpretation. The term a* is a param- 
eter which considers momentum or inertia of fluid in the wellbore. 
A value a2 = 0 i s  the usual slug test. 
l o 5  o r  more, the results differ greatly from the slug test. 
lations occur when a2 = 108 o r  more. 
wellbore storage affect the results significantly. 

When cx2 reaches values of 
Oscil- 

Both the skin effect and 

This theory can also be applied to closed-chamber DSTs and 
water injection falloff tests. These results were published by 
Shinohara and Ramey (1979b), and by Shinohara (19801, to be 
published as SGP-TR-39. 

(d) Analysis of Wells with Phase Boundaries 

The analysis of pressure tests in geothermal reservoirs 
is often complicated by two-phase effects. This work investigated 
the effect of a phase boundary at a constant radial distance from 
the well, produced, for example, by the flashing of a water reser- 
voir during production or by the injection of water into a steam or 
two-phase reservoir. 



-1 52- 

The results indicate the possibility of determining compres- 
sibility and permeability contrasts across the phase boundary. 
This enables estimation of the reservoir porosity and relative per- 
meabilities in the two-phase region. In some cases, wellbore 
storage effects can disguise the pressure response and make param- 
eter determination difficult. 

Figure 3 shows an injection falloff in Broadlands well number 
BR26 which proved accessible to the new method of analysis. 

This work was presented by Horne and Satman (1980), and Horne, 
Satman, and Grant (1980a). A s  an informal cooperative program with 
the New Zealand Department of Scientific and Industrial Research, 
it was also presented at the 19.50 New Zealand Geothermal Xorkshop 
in November 1980, as Horne, Satman, and Grant (1980b). 

(e) Internal Well Flows 

Experience in analysis of temperature and pressure pro- 
files in geothermal wells has indicated that flow frequently oc- 
curs from one production (interval) level to another--even though 
the well may be shut in at the wellhead. This flow occurs because 
pressure gradients in the reservoir are frequently greater than 
hydrostatic, while those in the well are restricted t o  be hydro- 
static unless the fluid is moving. The recognition of these flows 
has been the subject of study by Grant (1979) based on a number of 
observations, including temperature profiles during heatup, injec- 
tion, etc. The present study investigated the difference between 
the observed pressure gradient in a shut-in well, and the inferred 
hydrostatic pressure gradient calculated using the simultaneously 
measured temperature. 

Analyzing a shut-in temperature/pressure log from well M-9 at 
Cerro Prieto, it was determined that internal flow occurred below 
a depth of 2500 feet since the observed well pressure gradient 
changed sharply from hydrostatic at this depth (see Fig. 4 ) .  This 
well proved to be an excellent demonstration of the method because 
it is actually perforated at this depth; thus confirming the con- 
clusion of the pressure gradient comparison. 

Further tests using different Cerro Prieto wells are in pro- 
gress. It is anticipated that the method may be useful for the 
one-step recognition of producing levels and internal flows, and 
may even be able to detect other perturbations such as casing 
leaks. The rapid evaluation of internal flows is of importance 
in the correct interpretation of all other pressure tests, and 
should be considered a first step in any pressure test. 

(f) Naturally Fractured Reservoirs 

This study presents solutions for declining production 
rates under constant pressure production in a naturally fractured 
reservoir. Solutions for dimensionless flowrate are based on the 
model presented by Warren and Root (1963). The model was extended 
previously by Mavor and Cinco-Ley (1979) to include wellbore storage 
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and skin effect. In the present study, the model was extended to 
include constant producing pressure in both infinite and finite 
systems. 
outer boundary. The flowrate shows a rapid decline initially, be- 
comes nearly constant for a period, and then a final decline in 
rate takes place. The new type-curves of the analytical solutions 
are graphed in terms of the following dimensionless parameters: 

Figure 5 shows the results obtained for a finite, no-flow 

- 141.2 qBp - 
qD kf h (p i-p,f) 

2.637~10-~ k,t - 
t, = 3 
U 

km 2 

kf 
? , = a - r  

where kf and k 

are fracture and matrix porosity-compressibility products, respec?- 
ively, and c1 is the interporosity shape factor. The two parameters 
w and X are new governing dimensionless groups, and the remaining 
symbols have their standard SIDE interpretation. 

are fracture and matrix permeabilities, respectively, m 
v is the volume fraction of the fractures or matrix, $fCf and $mC 

Portions of this work were presented at the SPE of AIME Annual 
Fall Meeting in Dallas, Texas, 1980 (Da Prat, Cinco-Ley, and Ramey, 
1980). Work will continue in this area. 

( g )  Temperature-Induced Wellbore Storage Effects 

Wellbore storage is usually attributed to pressure changes 
occurring in the well, This study found that wellbore storage is 
also affected by heat transmission and the resulting temperature 
changes that result from flow in the well. The inner boundary con- 
dition for solution of the diffusivity equation for a single-phase 
well in an infinite radial reservoir was stated so as to include 
a wellbore storage term depending on temperature changes. Using 
Laplace transform methods, an exact solution describing the pressure 
behavior of the fluid in the system was sought. However, due to the 
form of the term describing temperature changes in the wellbore, it 
was not possible to find a simple solution form. 
problem was prepared for solution using numerical inversion. 
phase systems were also considered, and the inner boundary condi- 
tion describing such a situation was also derived. 

Nonetheless, the 
Two- 

Several examples 
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of two-phase systems were described wherein the importance of tem- 
perature changes was apparent. A Master's Report was completed by 
Araktingi (1980). Further work is planned on this important class 
of problems. 

CONCLUDING REMARKS 

In addition to the preceding, many other field applications 
of well test analysis were conducted and reported during the year. 
Tests were performed and analyzed in the Ching-Shui Field, Taiwan 
(see Ramey and Kruger, eds., 1979), a new type-curve for interfer- 
ence testing was reported by Ramey (Third LBL Well Testing Work- 
shop, 1980), and planning and analysis of preliminary well tests 
in the Miravalles Field, Costa Rica, were completed (Ramey, Novem- 
ber 1980) during July 1980. Research on well test analysis should 
continue to be fruitful, and opportunities for field applications 
are becoming more frequent. 
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ELIMINATING THE WELLBORE RESPONSE I N  TRANSIENT 
WELL TEST ANALYSIS 

Constance W. Miller 
Ea r th  Sciences Div is ion  

Lawrence Berkeley Laboratory 

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 .  

REFERENCES 

Benson, S .M.,  and McEdwards, D. , 1980, "ANALYZE User's Manual", 
Lawrence Berkeley Labora tory ,  LBL-10907, Berkeley,  
C a l i f o r n i a .  

Gould, T.L., 1974, "Vertical Two-Phase Steam-Water Flow i n  
Geothermal Wells", J. P e t .  Tech.,  26, p. 833-842. 

Miller,  C.W., 1979, "Numerical Model of T r a n s i e n t  Two-Phase 
Flow i n  a Wellbore" ,  Lawrence Berke ley  L a b o r a t o r y ,  LBL-9056, 
Berkeley,  C a l i f o r n i a .  

Mi l le r ,  C.W., 1980a, "WELBORE User's Manual", Lawrence Berkeley 
Labora tory ,  LBL-10910, Berkeley,  C a l i f o r n i a .  

Miller, C.W., 1980b, "Wellbore S t o r a g e  E f f e c t s  i n  Geothermal 
Wells," SOC. P e t .  Eng. J . ,  20, n.6, Dec., 1980, 
p. 555-566. 



-1 64- 

Narasinhan,  T.N., and Witherspoon, P.A., 1977, "Reservoi r  
E v a l u a t i o n  T e s t s  on RRGE1 and RRGE2, R a f t  R i v e r  Geothermal 
P r o j e c t ,  Lawrence Berkeley Labora tory ,  LBL-5958, Berkeley,  
C a l i f o r n i a .  

S u g i u r a ,  T., and Farouq, S.M., 1979, "A Comprehensive Wellbore 
Steam-Water Flow Model f o r  steam I n j e c t i o n  and Geothermal 
A p p l i c a t i o n s ,  SPE 7966, paper  p r e s e n t e d  a t  SPE C a l i f o r n i a  
Regional  Meet ing,  A p r i l  18-20, 1979. 

Zyvoloski ,  G.A., and O 'Sul l ivan ,  M . J . ,  1979, " F i n i t e  D i f f e r e n c e  
Techniques f o r  Modeling Geothermal R e s e r v o i r s " ,  I n t .  J. f o r  
Num. and Analy. Methods i n  Geomechanics, 3,  p 355-366. - 

NOMENCLATURE 

C 

C S  
h 
k 
P 
re 
8 

t 
IJ 

P 
$ 

r e s e r v o i r  c o m p r e s s i b i l i t y  
average  i s e n t r o p i c  c o m p r e s s i b i l i t y ,  ( l / p ) ( d p / d p ) ,  
r e s e r v o i r  t h i c k n e s s  
p e r m e a b i l i  t y 
p r e s s u r e  
e f f e c t i v e  r a d i u s  
slip 
t i m e  
v i s c o s i t y  
p o r o s i t y  
d e n s i t y  

SUBSCRIPT 

dh downhole 
f l i q u i d  

ACKNOWLEDGEMENT 

This work w a s  suppor ted  by t h e  A s s i s t a n t  S e c r e t a r y  f o r  
Resource A p p l i c a t i o n s ,  of t h e  D i v i s i o n  of Geothermal Energy, 
Department of Energy under C o n t r a c t  No. W-7405-ENG-48. 



-1 65- 

-2 I CI - 1 1 I 

-6 - 

-22 t 

a a 

8 

O 
n 0. 

Time (seconds) 
XBL 8011-6418 

Figure 1. 
pressure transients for two drawdown tests. 

Plot of wellhead and downhole 

T I M E  (seconds) 
01 lo0 10' lo2 Id lo4 lr)' 

0 

- 4 
0 isothermal 
o non- isothermal 

Figure 2. 
in the well on pressure transient data. 

Effect of energy changes of fluid 



-1 66- 

1 I 

a 

-0.2 

- - 0 A  

I 
n 
a -0.6 

a" - 

-088 

-1.0 
I 

I 

0 
0 

0 
O O  

0 
OO 

0 

0 

0 
0 

0 

0 

0 

O O  

Figure 3a. Generated drawdown pressure, 

0 
0 
0 
0 

0 
0 

Wellheod flowrate 
Sondfoce flowrate 

-- 

Sliposfunctionof flow regime 
o Slip = Jp,/p 
o Slip = 0 

~ _ _ _ _ ~  

0 100 200 
Time (seconds) 

10 

Figure 3b. Calculation of sandface flowrate 
using different slip correlations. 



-1 67- 

26 - 1 r---L------ 3 jj- ,ai a- 

0 8 '  - 
0 0.Q 

0 0' 
- 

- -Wellhead flowrote 

1 I I I I I I 1 I I I 

e 

0 Oownhole flowing eniholpy 
0 Wellheod flowingentholpycpgL 

I 1 1 I 1 I 
100 200 300 400 500 600 700 800 900 IO00 

Time (seconds 1 
XaL 801 I-6602 

Figure 4a. Wellhead and downhole enthalpy 
as a function of time after a flowrate 
change. 

0 IO 20 30 40 
Time (minutes)  

X8L 801 I- 64W 

Figure 4b. Calculation of sandface flowrate 
for two-phase flow throughout the well. 



-1 68- 

e e 
O . l t  e 

0.01 * 
100 1000 10.000 100,000 

Time (min) 
1NEL.A-16 852 

Figure  1 Drawdown a t  RRGP-4 
d u r i n g  produc t ion  f rom 
RRGP-5. 

1 

1 I 1 
1 10 100 1000 10 000 

Time (min) INEL-J-1265 

Figure  3 96 hours p roduc t ion  a t  
RRGE- 1 

0.01 -a 
1 10 100 1000 :o,ooo 

Time (rnin) 
INEL-A.16 553 

F igu re  2 Drawdown a t  RRGE-1 
d u r i n g  produc t ion  f rom 
RRGP-5. 

Q, 

3 
v) 

I 

? a 

800 

b 

0 

(I + At)/: 
Time (min) I N E L . J - I ~ E ~  

F igu re  4 Recovery f rom produc t ion  
a t  RRGE-1 



-1 69- 

100.0 

0 

500 

- 
E - IOOO- 
f 
B 

1500 

10.0 

= ,  1 

FLOWING DENSITY 
PROFILE 

- 
0 

e 

0 - 

0 

~ 

0 
0 

0 Measured volues I 

-e I 
e 
e After 5 min. 

of buildup 

l 

e 
e 
e 
e 
e 
e 
e 
e 

0 

- 
e 
e 
e 
e 
e 
e 
e 

0 

1 -  

0 Kh.1.75 x IO-"m3,~ch=2xlOarn/Pa 
0 

I03 
0-1 

100 IO' 102 
Time (seconds) 

XBLBOI 1-6497 

F i g u r e  5. Match of p r e s s u r e  d a t a  w i t h  a 
f i e l d  case. 

F i g u r e  6.  
i n  a two phase  w e l l  d u r i n g  a s h u t  i n  t es t .  

C a l c u l a t i o n  of d e n s i t y  p r o f i l e  



-1 70- 

THE TESTING OF KA28 - PRESSURE ANALYSIS I N  A TWO-PHASE RESERVOIR 

Malcolm A. Grant 
Applied Math. Div., DSIR, Box 1335 Wellington N.Z. 

ABSTRACT 
Examples of two-phase pressure t rans ien t  analysis  a r e  given, 

f o r  i n j ec t ion  and discharge. Transients measured i n  KA28 a re  used 
t o  i den t i fy  t h e  f l u i d  feeding t h e  well and t o  measure permeability. 

INTRODUCTION 
Kawerau geothermal f i e l d  i n  New Zealand has been exploited a t  

a low l e v e l  (20 We) since 1956. Separated steam i s  used by a pulp 
m i l l .  The f i e l d  has an a rea  of 10 sq. km. (1). Investigatory 
d r i l l i n g  has continued slowly (2,3). 

cons is t s  of f ractured 
volcanics over a 
greywacke basement (4). 
Base tem era ture  i s  
over 290 C. Permeabil-- 
i t y  i s  on average very 
good, and a l s o  very 
e r r a t i c .  KA21 found 
immeasurably l a rge  
permeability i n  the  
g repacke  a t  1100m, i n  
286 water. I t s  flow of 
600 t / h  makes it t h e  
world 1 s la rge  st 
producer ( e l e c t r i c a l  
equivalent ). KA30 at t h e  
other  end of t h e  f i e l d  i s  nearly a s  good. Between 
are  some duds and some good wells. 

The reservoi r  

8 

~ ~ 2 8  
KA28 was d r i l l e d  a s  a stepout, 30Om from KA21. 

It was a surpr ise  and a disappointment, a s  it found 
lower temperature and permeability. Temperature 
increases  t o  266' a t  770m (F'ig.2), s imilar  t o  t h e  
adjacent wells. Beneath t h e r e  i s  cooler water. 

spinner and temperature t o o l  i den t i fy  zones of f l u i d  
l o s s  o r  gain a t  674m, 778m and around 1080111. (M. Sym 
pers. comm.) The two upper feeds a r e  very s imilar  i n  
character  and a re  hereaf te r  lumped together  a s  a 
s ing le  upper feed, represented by values a$ 7OOm. 
Stable downhole temperature at 7OOm i s  264 , and 
reservoi r  pressureo62 ba r s  gauge. Temperature a t  
1080111 i s  about 230 , and reservoi r  pressure 93 bars  
gauge (5). The quoted reservoi r  pressures a re  t h e  
measured downhole pressures at which no f l u i d  en ters  
o r  leaves t h e  well  a t  t h a t  depth. They a re  not t h e  
same a s  s t ab le  downhole pressures (6) ,  as a well 
cannot i n  general reach equilibrium a t  two depths. 

Detailed measurement s with a surf ace-re cording 
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The lower zone, i n  a temperature inversion, must contain 

l i q u i d  water. Pressure a t  t h e  upper zone i s  12.8 bars  above 
sa tura t ion  f o r  pure water. Kawerau discharges contain up t o  1% 
of gas, and p a r t i a l  pressures of up t o  20 bars  a re  observed. The 
upper zone might be boi l ing.  The 150-day temperature p r o f i l e  i s  
very smooth above 800m, and could be a boiling-point p r o f i l e  due 
t o  t h e  upflow of boi l ing  f l u i d  from 778111 t o  674m (6); suggesting 
two-phase conditions a t  t h i s  depth. 

Normally t h e  completion t e s t i n g  and warmup would iden t i fy  
t h e  dominant feed t o  t h e  well, and t h e  type of f l u i d  i n  it. This 
wasonot possibleoin m8. The well might produce: 230’ l iqu id ;  
264 l i qu id ;  264 two-phase; or a combination of t h e  f i r s t  with 
one of t h e  l a t t e r .  I n  a double-feed well, in terzonal  flows (7)  
normally cause osc i l l a to ry  o r  e r r a t i c  pressure t r ans i en t s .  I n  t h e  
case of m8, t rans ien t  analysis  of t he  in jec t ion  and discharge 
t e s t s  ind ica tes  performance consistent with a well with one 
dominant feed, t h a t  feed containing two-phase f lu id .  

I N J E C T I O N  

completion t e s t  
f o r  New Zealand 
wells cons is t s  of 
cold water in jec t -  
ion  a t  various 
r a t  e s with 
measurement of 
downhole pressure 
and temperature. 
Two t r ans i en t  s 
were measured 
(f ig .3) ,  both a t  
pump shut from 
11* l/s. I n  t h e  
second t e s t  a 
good resu l t  w a s  
obtained. I n  t h e  
f i r s t  t e s t  (34731) 
t h e  chart t r a c e  
becomes i r r egu la r  
a f t e r  3 minutes, 
and agrees with 
t h e  l a t e r  t e s t  
before then. The 
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FIGURE 3 
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I 

common s t ra ight  l i n e  has a slope oI” 1.4 bar/cycle, giving (8,9) 

kh/pt = (11.5~lO-~)(2.303)/(4~xl.qX10~) = 1.5 m3/pa.s 
I n  an in jec t ion  t e s t  it i s  assumed t h a t  t he re  i s  a cold water 
region near t h e  well, beyond which i s  heated injected water and 
hot reservoi r  f lu id .  The region affected by pressure change i s  
much g rea t e r  than  t h e  in jec t ion  volume, so t h a t  t h e  value of 
kh/pt measured r e f l e c t s  t h e  reservoi r  f l u id ,  not t h e  in jec ted  
water (H. J. Ramey, pers. comm.) Aquifer thickness,  porosity,  and 
reservoi r  f l u i d  compressibil i ty a re  a l l  unknown, although &h i s  
presumably l e s s  than 100m o r  so. Evaluating f o r  skin gives: 



-1 72- 

t / h  and t h e  en tha lpy  
waso1200-13~0 kJ/kg. (5) 
264 water has  enthalpy 
11 55 kJ/kg . Performance 
i s  not cons i s t en t  wi th  

jzkthe-2s = 6.7 m/pa 

The assumption of a single-phase f eed  can now b e  examined. I f  
t h e  we l l  i water-fed, f e e d  temperature  i g  239264’. Then y. - 8 t - f w  110 x10- pa.s,  and ct = c E 1.4 x10- pa- , giv ing  

W 
kh 1.7 darcy-metre, bhe-2S 50,000 m 

Skin must be  nega t ive  (about -3). With t h e  
expected d ischarge  would be  over  300 t / h ,  a t  water  enthalpy. 

w e l l ’ s  major feed ,  t o  minimise t h e  e f f e c t s  of changes of f l u i d  
dens i ty  i n  t h e  w e l l .  It was hoped t h a t  good permeabi l i ty  would b e  
found a t  depth i n  ~ ~ 2 8 ,  so measurements were made near  1080m. So 
long  as t h e  record  does not o s c i l l a t e ,  p ressure  changes during 
i n j e c t i o n  a r e  t h e  same at  a l l  depths  i n  t h e  wel l ,  and so t h i s  
a n a l y s i s  remains v a l i d ,  whatever t h e  f eed  depth of t h e  w e l l .  

kh of 1.7 d-m, t h e  

Trans ien t  measurement s should normally b e  made oppos i te  t h e  

- - _ _  ----_ 

--. -. -. 
. ,oo 

10 WHP bars g a q c  , v- 
L 

DISCHARGE 

de l a y  ed b e cau s e 
of proximity t o  
t h e  m i l l .  Aft e r  
hea t ing  for 7 
months , t h e r e  
was 2 3  days’  
d i scharge  (Fig4). 
k r i n g  t h i s ,  
two output 
(de l iverab  ilit y ) 
t e s t  s were 
performed (F igs )  
and two p res su re  

Th i s  was 

4 



Note t h a t  it i s  
kh/vt t h a t  i s  t h e  
measured quantity.  
The discharge i s  
measured a s  a mass 
flow, and t h i s  
cannot be convert- 
ed t o  a volume 
flow without 
knowledge of t h e  
flowing density 
pt a t  reservoi r  
conditions. This 
densi ty  i s  not 
equal t o  l i q u i d  
water density. 

Matches t o  
Ramey log-log type 
curves (9) were 
t r i e d ,  but no 
match was possible 

The skin 
equation uses 
kh/pt, and so t h e  
unknown densi ty  pt 
enters  it. 
Evaluating 

pt Bct he'2 

LO 

a 
r e  bar 

20 
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= 3.1 x kg/pa.m2 

The d e n s i t y p  i s  found from the  discharge entkalpy (10). The 
enthalpy befo5e shut-in was 1285 kJ/kg. A t  264 t h i s  enthalpy 
corresponds t o  a steam-water mixture t h a t  contains 7.9% by mass of  
steam, and t h e  densi ty  of t h i s  mixture i s  235 kg/m . Using t h i s  
value, t h e  discharge t e s t  implies 

3 

kh/pt = (kh/Qt)(l/ft) = 2.9 m3/pa.s 
However t h e  enthalpy of t h e  well has varied,  with t h e  lowest value 
being 1200 kJ/kg. There i s  a strong argument t h a t  t he re  should be 
used not t h e  parameters of t he  disturbed s i tua t ion ,  but those of  
d i s tan t  reservoi r  f l u id .  This f l u i d  has flowing enthalpy equal t o  
t h a t  discharged by t h e  well at small flows. The grea te r  enthalpy 
a t  l a r g e r  flow r a t e  r e f l e c t s  extract ion of heat from rock near t h e  
well. (13). The enthalpy of 1200 kJ/kg corresponds t o  a density of 
430 kg/m , and hence 

kh/pt = 1.6 m3/pa. 

Alternatively,  one could t ake  t h e  r e s u l t s  of t h e  in jec t ion  
COMBINED RESULTS 

and discharge t e s t s  and use them t o  f ind  t h e  flowing density:  

Using t h i s  density,  t h e  skin equation gives  f o r  t h e  discharge t e s t  
bcthe-2s = 7 x10 -6 m/pa 
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There i s  now a consistent i n t e rp re t a t ion  of t h e  discharge and 
in j ec t ion  t rans ien t  s,  where a l l  parameters r e f e r  t o  f h i d  d is tan t  
from t h e  well: 

kh/pt = 1.5 ,IO-* rn’/pa.s 

&/ut = 6.9 x10- m-s 

ht = 1200 kJ/kg 

6 
3 

f t  = 450 kg/m 

Bhc he-2s - - (?-7O)xl0-~ m/pa 
t 

Two-phase compressibil i ty with gas present and saturat ion 
near un i ty  i s  given by (11) 

1 - - - +  fW?S dPs hs-hw 
Bc, = pw-ps dT 4FO 

where P i s  gas p a r t i a l  pressure, M gas molecular weight, and 

a = a(T) i s  t h e  so lub i l i t y  of gas. The f i r s t  term on t h e  r ight  i s  
t h e  two-phase compressibil i ty of pure water ( lo ) ,  while t h e  second 
corresponds t o  isothermal dissolution-exsolution of gas, and i s  
equivalent t o  t h e  corresponding expression (8) f o r  o i l  & gas, 

up steam t ab le s .  

i t y  i n  bar- , 

g g 

A s impler  numerical expression can be given, t o  save looking 
o r  a volumetric spec i f ic  heat of t h e  wetted rock 

<bC) = 2 . 1  MJ/m’OC, and with pressures i n  ba r s  and compressibil- 

The f i r s t  term i s  accurate t o  $% f o r  150-300° (10). The second 
term i s  l imited by accuracy i n  so lub i l i t y  data,  but i s  probably 
within 5% over 200-300°. 

temperature. P a r t i a l  pressure f a l l s  rapidly a s  pressure i s  drawn 
down, and it i s  common f o r  t he  compressibil i ty t o  change by a 
f a c t o r  of 10 a t  wellface during drawdown and recovery. Again t h e  
choice i s  made t o  evaluate a t  undisturbed reservoir  conditons, i n  
which case t h e  second t g r m  dominates i n  a l l  New Zealand f i e l d s  
except Wairak i. A t  264 
c = 2.2 xl0-7 pa- , so 

The compressibil i ty va r i e s  st rongly with part  i a l  pres  sure and 

and a p a r t i a l  pressure of 12.8 bar,  

t 
bhe-2s - - 40-400 m. 

A small negative skin i s  implied. 

or kh/d This  requires  de f in i t i on  of t h e  r e l a t i v e  permeability 
f u n c t i o h .  From t h e  enthalpy of 1200 kJ/kg 

The f i n a l  t a s k  i s  t o  ca lcu la te  kh from t h e  value of kh/yt 

If f rac ture  r e l a t i v e  permeabi l i t ies  a r e  
and kW=.84, k =.16. Then 

gives  Pt = 59x10 

rs 
= ( k , J ~ w  + krs/Ps) 
-6 1lPt 

pa.s, or about half  

kh = pt.(kh/yt) = 0.88 

t h a t  of l i qu id  water. Then 

darcy-met r e  
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A di f fe ren t  value, 3.0 d-m, would r e s u l t  from t h e  use of Corey 
r e l a t i v e  permeabili t ies.  And t h i s  estimate i s  even more sens i t ive  
t o  t h e  enthalpy than  t h e  f r a c t u r e  value. I f  t h e  r e s u l t s  of a t e s t  
a r e  used i n  modelling, it i s  important t h a t  consistent assumptions 
a r e  used f o r  t h e  r e l a t i v e  permeabili t ies.  It may be b e t t e r  t o  
report  not kh but t h e  measured t e s t  r e s u l t :  kh/pt f o r  i n j e c t i o n  
t e s t  and kh/p f o r  discharge t e s t .  t 
PRC3LEMS OF TWCLPHASE ANALYSES 

These divide i n t o  p r a c t i c a l  problems due t o  f l u i d  behaviour 
i n  t h e  well and t h e o r e t i c a l  ones due t o  t h e  flow i n  t h e  reservoir .  
The p r a c t i c a l  problems a r e  much t h e  same as f o r  high-temperature 
w a t  er-f ed wel ls  : misident i f icat ion of st orage and skin o r  spec ia l  
fea ture ,  pressure gauge a t  wrong depth i n  t h e  well, in te rzonal  
flow e f f e c t s .  I n  W 8 ,  t h e  humped response of  run 34872 has been 
discarded. But t h e r e  remains a nagging doubt t h a t  a l e s s e r  amount 
of t h e  same ef fec t  could be present i n  34864, so t h a t  t h e  chosen 
s t ra ight  l i n e  i s  not rea l .  

nonl inear i ty  of  t h e  parameters, and t h e  var ia t ions  i n  enthalpy 
(which i s  a l s o  a nonlinear e f f e c t ) .  The compressibil i ty i s  a 
strongly varying function of pressure and p a r t i a l  pressure - as i s  
t h e  compressibil i ty of a dry gas - and t h e r e  appears no simple 
a l t e r n a t i v e  t o  taking t h e  undisturbed value. This means possible  
e r r o r s  i n  skin, perhaps up t o  +2. More important i s  t h e  v a r i a t i o n  
i n  t h e  flowing v i s c o s i t i e s  and-density, Qt, pt, & pt. They vary 
strongly with saturat ion,  or,  equivalently,  with flowing enthalpy 
h and temperature. They a r e  a l s o  dependent upon t h e  i l l -def ined 
r e l a t i v e  permeabili t ies.  I f  t h e  flowing enthalpy i s  everywhere 
constant o r  near ly  so,  a pseudopressure can be defined, analogous 
t o  t h e  gas pseudopressure. The requirement of constant enthalpy 
can be s a t i s f i e d  i n  steady flow (14) o r  i f  water i s  immobile ( 1 5 ) .  

t h e  changing of t h e  flowing enthalpy (13) .  And the  v i s c o s i t y  i s  so 
s e n s i t i v e  t o  t h e  enthalpy t h a t  it i s  d i f f i c u l t  even i n  pr inc ip le  
t o  measure it accurately enough (12) .  An accurate ana lys i s  would 
require  a match t o  both  pressure and enthalpy h i s t o r i e s .  The 
author has t r i e d  enthalpy t rans ien t  analyses, without success t o  
date.  Lacking such a b e t t e r  technique, simple analyses based on 
const ant parameters a r e  t h e  only e a s i l y  useable a l t e r n a t i v e  now 
avai lable .  Fortunately r e s u l t  s a t  l a r g e  drawdown can be quit  e 
c lose t o  l i n e a r  behaviour (13).  

The t h e o r e t i c a l  problems pecul iar  t o  two-phase a r e  t h e  gross  

t 

However, i n  t r a n s i e n t  flows t h e  dominant nonlinear e f fec t  i s  

CONCLUSION 
I n  t h e  past year, two-phase t r a n s i e n t  analyses have become 

suf f ic ien t  l y  polished t o  y i e l d  somet imes credible  r e s u l t  s, 
including agreement between in te r fe rence  and single-well t e s t ,  
between discharge and i n j e c t i o n  t e s t s ,  and between repeat t e s t s .  
A t  KA28, t h e  dominant feed has been i d e n t i f i e d  a s  two-phase, and 
t h e  c h a r a c t e r i s t i c s  of t h e  two-phase f l u i d  defined; and t h e  cause 
of t h e  poor production i d e n t i f i e d  as low i n t r i n s i c  permeability. 
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NOTATION 
This follows ref'. 10. 

APPENDIX : DATA 

buildups a f t e r  discharge, and t h e  two pressure f a l l o f f s  a f t e r  
in jec t ion ,  i l l u s t r a t e d  i n  Figures 6 & 3. Flowing p ro f i l e s  were 
a l s o  measured before each buildup, and these  a re  a l s o  given. Flow 
data  and other  information i s  given i n  t e x t .  

On t h e  next page a re  given t h e  data  f o r  t h e  two pressure 



347 3 1 
At -hp 

sec ba r  
14 0.10 
26 0.25 
39 0.40 
51 0.50 
71 0.70 

100 0.85 
138 1.10 
191 1.25 
275 1.55 
346 1.70 
385 1.20 
432 1-25 
564 1.25 
609 0.85 
655 1.35 
688 1.95 
753 2.05 
853 2-65 
902 2.05 
989 1.70 

1081 2.10 

1384 2.70 
1151 2.55 

1447 3.05 
1993 3-15 
2317 3-40 
2400 3.30 

34736 
4t -CP 

sec ba r  
133 0.10 
2 1  0.25 
33 0.30 
44 0.45 
59 0-55 
73 0.65 
90 0.85 

169 0.90 
134 1.00 
157 1.20 
209 1.40 
240 1.50 
314 1.50 
370 1-75 
525 1.85 
759 2.00 
906 2.20 
960 2.20 

Pwf=92. 6 

Pwf==98.6 bars  gauge 

-1 7 7 -  

34864 
bt AP 
sec bar  

io 0.8 
31 1-9  
58 2.9 
87 4.1 

114 5.2 
158 6.2 

249 8.8 
195 7.4 

295 10.4 

378 13.8 
424 15.5 
482 17.3 

590 20.3 

729 23.1 
833 24.6 
935 25-3 

341 12.2 

528 18.7 

656 21.8 

1064 26.1 
1226 26.9 
1359 27.4 
1454 27.8 
1662 28.3 

2285 29.8 

1870 28.8 
2077 29-5 

24.93 30.3 
2701 30.6 
2908 30.9 
3116 31.2 
3324 31.4 
3600 31.7 

Pwf'25.2 

Flowing p ro f i l e s  
34864 & 27814 34872 -& 27824 
Z 

1100 
1060 
780 
7 50 
6 80 
660 

0 

n? 
Z P !  

C m b.g. C 
36.2 243 1400 48.1 251 
35.6 242 1300 40.9 247 
26.0 226 1200 33.9 241 
25.1 223 1100 31.0 236 
22.5 218 1060 29.9 233 
22.1 216 900 25.4 223 
12.4 760 19.9 211 

p !  b.g. 

660 16.9 202 
o 8.6 

34872 
At bp 

sec ba r  
44 0.4 
88 1.7 

132 4.1 
176 6.7 
220 10.0 
264 13.1 
308 15.8 

396 20.6 
440 23.6 

528 25.9 

617 28.6 
661 29.6 
705 30.6 

352 18.3 

484 24-4 

572 27.4 

793 32.2 
837 33.2 

969 34-6 
1035 35.3 
1101 35.9 
1211 36.9 
1321 37.4 
1431 38.1 
1497 38.5 

1761 39.4 

2092 39.9 
2224 39.7 
2334 39.4 
2422 39.1 
2642 39.1 
2862 39.2 
3083 39.4 
3303 39.7 

881 33.8 

1651 39.0 

1806 39.6 

3600 40.0 

P =31.0 w f  
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FISSURE-BLOCK MODEL FOR TRANSIENT 
PRESSURE ANALYSIS IN GEOTHERMAL 

STEAM RESERVOIRS 

R. Denl inger ,  USGS, Denver, CO 
A.F. Moench, USGS, Menlo Park, CA 

I n t r o d u c t i o n  

The f i ssure-b lock  model considered i n  t h i s  paper i s  sometimes 
c a l l e d  a d u a l - p o r o s i t y  model o r  a n a t u r a l l y  f r a c t u r e d  r e s e r v o i r  
model. Ground water  and petroleum l i t e r a t u r e  c o m o n l y  r e f e r  t o  
t h e  p ioneer ing  a n a l y t i c a l  work on t h i s  sub jec t  by Barenb la t t  and 
o the rs  (1960) and Warren and Root (1963). 
cons ider  flow from pr imary  p o r o s i t y  b locks t o  secondary p o r o s i t y  
f i s s u r e s  b u t  they  do n o t  descr ibe  t h e  f l o w  w i th in  these b locks.  
Kazemi (1969) presents a f i n i  t e - d i f f e r e n c e  s o l u t i o n  fo r  s i n g l e -  
phase f l o w  which does account f o r  f l o w  w i t h i n  the  b locks and 
Bou l ton  and S t r e l t s o v a  (1977) g i v e  exac t  s o l u t i o n s  f o r  t h i s  
problem. 

nonisothermal , r a d i a l  f low,  f i ssure-bl  ock, f i n i  t e - d i  f ference 
model f o r  geothermal steam r e s e r v o i r s  which was l a t e r  used t o  
s imu la te  pressure b u i l d u p  da ta  f o r  a steam w e l l  i n  La rde re l l o ,  
I t a l y  (Moench and Ner i ,  1979). The model assumed the  b locks t o  
be impermeable bu t  capable o f  conduct ing heat  t o  t h e  f i s s u r e s  
which had been cooled by vapor i za t i on .  I n  t h e  present  paper the  
model i s  r e v i s e d  t o  account f o r  steam t r a n s p o r t  and v a p o r i z a t i o n  
w i t h i n  t h e  b locks.  
accouht f o r  t he  l o n g e v i t y  o f  p roduc t ion  w e l l s  i n  The Geysers. 
The b locks,  which may be i n i t i a l l y  sa tu ra ted  w i t h  l i q u i d  water, 
a r e  assumed t o  have low i n t r i n s i c  p e r m e a b i l i t y  and low p o r o s i t y  
r e l a t i v e  t o  t h e  f i s s u r e s .  

These e a r l y  papers 

A t  an e a r l i e r  S tan ford  workshop, Moench (1978) presented a 

This  i s  a necessary cons ide ra t i on  i n  o rder  t o  

Resu l ts  computed w i t h  t h i s  f i n i  t e - d i  f ference model a re  
compared, f o r  i so thermal  cond i t ions  , w i t h  t h e  s o l u t i o n s  o f  
Boul t on  and S t r e l  tsova (1977) .' Under these c o n d i t i o n s  t h e  model 
i s  s i m i l a r  t o  t h a t  o f  Kazemi (1969). 
t h e  b locks from a smal l  amount o f  u n i f o r m l y - d i s t r i b u t e d  l i q u i d  
water i t  i s  a l s o  poss ib le  t o  app ly  Bou l ton  and S t r e l t s o v a ' s  
so lu t i ons .  
b i l i t y  o f  t h e  two-phase f l u i d  m i x t u r e  i n  the  block.  
w i th  Boul t on  and S t r e l  t sova 's  s o l u t i o n s  under two-phase 
c o n d i t i o n s  i s  g iven  i n  o rde r  t o  v e r i f y  t h e  f i n i t e - d i f f e r e n c e  code. 

bu i l dup  f o l l o w i n g  produc t ion  w i t h  t h e  b locks i n i t i a l l y  n e a r l y  
sa tura ted  w i t h  l i q u i d  water. 
boundary cond i t i ons ,  b lock  s i zes  and produc t ion  t imes on pressure 
b u i l d u p  curves a re  examined. 

When v a p o r i z a t i o n  occurs i n  

This  i s  done by a l l o w i n g  f o r  t h e  apparent compressi- 
Comparison 

Numerical r e s u l t s  a re  a l s o  presented showing pressure  

E f f e c t s  o f  d i f f e r e n t  thermal 
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A f te r  f u r t h e r  re f inements t h e  model w i l l  be c a l i b r a t e d ,  us ing  
a v a i l a b l e  pressure bu i l dup  da ta  f rom rep resen ta t i ve  w e l l s  i n  
The Geysers, and used t o  p rov ide  a means f o r  es t ima t ing  pore 
pressure and temperature grad ien ts  w i t h i n  r e s e r v o i r  b locks.  Th is  
i n fo rma t ion  w i l l  be used t o  c a l c u l a t e  changes i n  e f f e c t i v e  s t r e s s  
i n  t h e  v i c i n i t y  o f  a b o i l i n g  f r o n t :  a mechanism proposed t o  
account f o r  earthquake a c t i v i t y  i n  t h e  v i c i n i t y  o f  The Geysers 
(Denl inger  and Moench, 1979). 

Approach 

The conceptual model i l l u s t r a t e d  i n  f i gu re  l a  i s  i d e a l i z e d  
as shown i n  f i g u r e  l b .  A l t e r n a t i n g  l aye rs  o f  f i ssu res  and b locks 
o f  cons tan t  th ickness  a r e  assumed t o  extend r a d i a l l y  t o  i n f i n i t y .  
The th ickness  o f  t h e  f i s s u r e  and b lock  i s  assumed t o  represent  
t h e  average th ickness o f  t he  f i s s u r e s  and b locks i n  t h e  r e s e r v o i r .  
I n  t h e  model r a d i a l  f l o w  i n  the  f i s s u r e  i s  coupled w i t h  one-dimen- 
s iona l  p lana r  f low i n  the  b locks perpendicu lar  t o  t h e  f i ssures .  
Wi th  t h e  onset  o f  w e l l  d ischarge, pressure reduc t ions  i n  t h e  
f i s s u r e  induce vapor i za t i on  o f  l i q u i d  water i n  t h e  b locks.  
L i q u i d  i n  t h e  f i s s u r e s  and b locks i s  assumed t o  be immobile. Th is  
assumption i s  j u s t i f i e d  f o r  t he  b locks by t h e i r  low pocos i t y  and 
f o r  t he  f i s s u r e s  by t h e i r  low l i q u i d  sa tu ra t i on .  Large c a p i l l a r y  
forces brought about by these cond i t i ons  are assumed t o  ho ld  t h e  
l i q u i d  i n  place. Satura t ions ,  there fore ,  change o n l y  i n  response 
t o  vapor i za t i on  o r  condensation. The r e l a t i v e  p e r m e a b i l i t y  t o  
steam i s  assumed t o  change w i t h  l i q u i d  s a t u r a t i o n  i n  accordance 
w i t h  the  Corey (1954) r e l a t i o n s h i p .  

Equations f o r  t he  r a d i a l  f l o w  o f  steam through porous 
r e s e r v o i r s  i n  t h e  presence o f  immobile vapor i z ing  o r  condensing 
l i q u i d  water a re  g iven by Moench and Atk inson (1978). I t  was 
assumed i n  t h a t  s tudy  t h a t  the  o n l y  temperature changes t h a t  take  
p lace  i n  t h e  r e s e r v o i r  a re  those due t o  phase change: conduct ion,  
convect ion,  and pressure-work a re  considered n e g l i g i b l e  by 
comparison. I n  t h i s  paper heat  i s  conducted from t h e  f i s s u r e  i n t o  
t h e  b lock  o r  v i c e  versa. 
i n  response t o  both phase change and heat conduct ion.  The 
e x t e r i o r  (Z=H) thermal boundary o f  the  b lock  i s  assumed t o  be 
e i t h e r  cons tan t  temperature o r  i n s u l a t i n g .  The e x t e r i o r  f low 
boundary o f  t h e  b lock  i s  assumed t o  be no flow. 

Temperature changes i n  t h e  b lock  occur  

A f i n i t e - d i f f e r e n c e  code i s  used t o  compute pressure,  
temperature, and s a t u r a t i o n  changes a t  each node i n  t h e  f i s s u r e  
and block.  
descr ibed by Moench and Atk inson (1978) w i t h  t h e  added dimension 
t h a t  p lanar  f l o w  i n  the  b lock  i s  computed fo r  as many v e r t i c a l  
a r rays  as the re  a re  nodes i n  t h e  f i ssu re .  F issure  nodes serve as 
boundaries f o r  t he  b lock  arrays.  The d i s tance  between t h e  nodes 
i n  t h e  b lock  i s  increased l o g a r i t h m i c a l l y  w i t h  d i s tance  from the  
f i ssu re  i n  t h e  same way as t h e  nodes i n  t h e  f i s s u r e  become more 
w ide ly  separated w i t h  d is tance from t h e  w e l l .  

These computations are c a r r i e d  o u t  i n  t h e  manner 
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Model Veri f i ca t i  on 

Exact solut ions for single-phase flow i n  a fissure-block 
system by Boulton and Strel tsova (1977) a r e  used i n  this study t o  
Val ida te  the r e su l t s  of t he  f ini  te-di fference model. 
solut ions a r e  presented i n  the form of semi-infinite in tegra ls  
which a re  quite d i f f i c u l t  t o  solve numerically. 
Laplace transformed space the solutions appear i n  a simpler form 
and can be inverted numerically by the method of Stehfest  (1970). 
The results so obtained will be referred t o  as  the analyt ical  
solut ions.  

Their 

However i n  the 

The Laplace transform solution for pressure drawdown i n  the 
f i  ssure appears as fo l l  ows : 

Symbols a re  defined i n  Table 1. 

block appears as fol lows:  
The Laplace transform solution for pressure drawdown i n  the  

Z H 2 where A = cosh(or-) - t a n h ( n 7 )  sinh(n-)  
W W rW 

Figure 2 shows a comparison of the analyt ical  and numerical 
r e su l t s  for dimensionless pressure drawdown ( PD vs log t D )  a t  the  
well bottom and a t  a specified p o i n t  within t h e  block for  s ingle-  
phase steam. Parameters required for the comparison are  given i n  
Table 1. The deviation i n  the resu l t s  which i s  most apparent at. 
an ear ly  time can be a t t r ibu ted  primarily t o  spa t ia l  descre t i -  
zation a t  the block-fissure contact.  Care was taken i n  the  
numerical model t o  reduce nonl inear i t ies  by avoiding large 
pressure changes. 

t o  val idate  the f in i te -d i f fe rence  model for  vaporization i n  the  
reservoir  block. 
throughout the block, the liquid-steam combination i n  the  block 
can be considered t o  have an enhanced compressibil i ty.  
by which the compressibil i ty i s  enhanced can be calculated as 
shown i n  the  appendix using the equations of e i t h e r  Grant and 
Sorey (1979) or Moench and Atkinson (1978) .  

The model of  Boulton and Strel tsova (1977) can a l so  be used 

W i t h  immobile l i q u i d  water d i s t r fbuted  uniformly 

The amount 
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F igure  3 shows t h e  r e s u l t s  obta ined when a smal l  amount o f  
l i l q u i d  water (Si=O.Ol) i s  in t roduced i n  the  block.  
t h e  increased compress ib i l i t y ,  the r a t i o  o f  d i f f u s i v i t i e s  between 
the  f i ssu re  and b lock  i s  increased over t h a t  which a p p l i e s  t o  t h e  
r e s u l t s  i n  f i gu re  2 by a f a c t o r  o f  430 (see appendix). Th is  
causes t h e  pressure response shown i n  f i g u r e  3 t o  be s h i f t e d  
toward l a r g e r  values o f  dimensionless times. 
between t h e  f i n i t e - d i f f e r e n c e  and the  a n a l y t i c a l  r e s u l t s  can aga in  
be a t t r i b u t e d  t o  d i s c r e t i z a t i o n  a t  t h e  b l o c k - f i s s u r e  contact .  I n  
f i g u r e  3 however t h e r e  i s ,  i n  add i t i on ,  a l a c k  o f  pressure 
suppor t  i n  t h e  f i n i t e - d i f f e r e n c e  model which r e s u l t s  from t h e  
fac t  t h a t  no vapor i za t i on  occurs a t  t he  " f i s s u r e "  node o f  the 
b lock array;  hence the  computed pressure drawdown i s  g rea te r  than 
i n d i c a t e d  by the  a n a l y t i c a l  so lu t i on .  I n  view o f  the  magnitude 
o f  t he  change i n  pressure response over  t h a t  shown i n  f i g u r e  2, 
brought about s imply  by i n t roduc ing  l i q u i d  i n  the  block,  t h e  
authors feel  t h a t  t he  agreement w i t h  t h e  a n a l y t i c a l  s o l u t i o n  i s  
adequate and t h a t  t h e  model has been va l i da ted  by these r e s u l t s .  

Resul ts  

us ing  d i f f e r e n t  parameters. 
t he  v a r i a t i o n s  i n  pressure bu i l dup  t h a t  can be expected when 
thermal boundary cond i t i ons  , block s ize,  o r  p roduc t ion  t ime  a r e  
changed. I n  a l l  cases the  b lock  was assumed t o  have very  low 
p o r o s i t y  and pe rmeab i l i t y  r e l a t i v e  t o  the f i s s u r e  and an i n i t i a l  
l i qu id -wa te r  conten t  c l o s e  t o  sa tu ra t i on .  
steam i s  considered the  more mobi le  phase even under these 
cond i t i ons  because l i q u i d  water, as the  we t t i ng  phase, can be 
assumed t o  be he ld  i n  p lace by c a p i l l a r y  forces.  
i s  supported i n  p a r t  by the  work o f  Chen and o thers  (1978) who 
found by exper imentat ion t h a t  a core w i t h  p o r o s i t y  o f  34 percent  
and a pe rmeab i l i t y  o f  36 md appeared t o  have a p r a c t i c a l  
i r r e d u c i b l e  l i qu id -wa te r  s a t u r a t i o n  i n  excess o f  60 percent. 
Parameters used i n  the  s imu la t ions  a r e  g iven i n  Table 2. 

F igure  4 shows the  pressure bu i l dup  a t  t h e  we l l  bottom a f t e r  
1666 h (69 days) o f  p roduc t ion  f o r  a case i n  which the  e x t e r i o r  
boundary o f  t he  b lock  (Z=H) i s  maintained a t  t h e  i n i t i a l  r e s e r v o i r  
temperature. The b lock i t s e l f  i s  cooled by vapor i za t i on  d u r i n g  
product ion b u t  i s  reheated by conduction. 
t ime has elapsed du r ing  produc t ion  f o r  temperatures i n  t h e  b lock  
and f i s s u r e  t o  have very  n e a r l y  recovered t o  the  i n i t i a l  r e s e r v o i r  
temperature. The e a r l y  t ime pressure bu i l dup  i s  due t o  t h e  f l o w  
of superheated steam. A f t e r  about one hour the  pressure has 
recovered c l o s e  t o  the  i n i t i a l  r e s e r v o i r  pressure a f t e r  which 
condensation commences. 

Because o f  

The displacement 

Computer runs were made t o  s imu la te  hypothe t ica l  cond i t i ons  
Resul ts  a r e  presented t h a t  i l l u s t r a t e  

H y d r a u l i c a l l y  connected 

This  assumption 

I n  f i g u r e  4 s u f f i c i e n t  

F igure  5 shows pressure bu i l dup  for t h ree  d i f f e r e n t  produc- 
t i o n  times us ing  t h e  same Parameters as shown i n  f i g u r e  4 b u t  
w i t h  t h e  i nne r  boundary o f  the  b lock  the rma l l y  i nsu la ted .  
considered a more r e a l  i s t i c  p o s s i b i l i t y  i n  a f i ssu red  r e s e r v o i r .  
The f i g u r e  shows a systemat ic downward progress ion o f  the  

This  i s  
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pressure b u i l d u p  curves as p r o d u c t i o n  t i m e  increases.  
4015 h (167 days) o f  p r o d u c t i o n  a l l  t h e  l i q u i d  i n  t h e  b l o c k  near  
t h e  w e l l  has vapor ized  and the b l o c k  and f i s s u r e  have coo led  t o  
t h e  p o i n t  where steam a t  t h e  w e l l  bot tom i s  o n l y  s l i g h t l y  
superheated. 
condensat ion occurs i n  t h e  f i s s u r e .  
curve  a f t e r  t h a t  i s  t h e  r e s u l t  of  condensat ion i n  bo th  t h e  
f i s s u r e  and b l o c k  and t h e  d i s s i p a t i o n  o f  l a t e n t  heat  by conduct ion.  
When t h e  same w e l l  i s  produced f o r  s h o r t e r  t imes n o t  as much 
c o o l i n g  occurs i n  t h e  b l o c k  and f i s s u r e  and consequent ly  
condensat ion occurs a t  h i g h e r  pressures.  When t h e  w e l l  i s  
produced f o r  o n l y  78 hours t h e  f i s s u r e  s t i l l  r e t a i n s  much o f  t h e  
h e a t  i t  had i n i t i a l l y  because i t  has n o t  ha& t i m e  t o  coo l  by 
conduct ion  i n t o  t h e  b lock .  
t h e  pressure  b u i l d u p  curve  e x h i b i t s  e f f e c t s  o f  superheat ing.  

A f t e r  

Consequently, a lmost  immediate ly  a f t e r  s h u t  in ,  
The shape o f  t h e  b u i l d u p  

As a consequence t h e  e a r l y  p o r t i o n  o f  

F i  u r e  6 shows pressure b u i l d u p  a f t e r  a p r o d u c t i o n  t i m e  o f  
1130 h 9 47 days) u s i n g  t h e  same c o n d i t i o n s  as i n  f i g u r e  5 except  
t h a t  t h e  t h i c k n e s s  o f  t h e  b l o c k  i s  increased and t h e  p r o d u c t i o n  
r a t e  i s  doubled. 
a f t e r  s h u t  i n  i s  due t o  t h e  f low of  superheated steam. 

The pressure  b u i l d u p  i n  t h e  f i r s t  30 minutes 

F igures  4-6 show t h e  v a r i a b l l i t y  t h a t  can be expected i n  t h e  
shape o f  pressure b u i l d u p  curves when model parameters a r e  v a r i e d .  
I t  can be i n f e r r e d  from these r e s u l t s  t h a t  t h e  degree t o  which 
v a p o r i z a t i o n  has dep le ted  t h e  l i q u i d  i n  the  b l o c k  has an i m p o r t a n t  
b e a r i n g  upon t h e  shape o f  t h e  curves. These f a c t o r s  should be 
considered when i n t e r p r e t i n g  pressure b u i l d u p  t e s t s  i n  steam 
r e s e r v o i r s .  
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Nomencl a ture 

t C 

c D  
HC 

KO 

H 
h 

K 

k 
k 
L 
M 

S 

V 

W 

pD 

Pi 
P 

9 
r 
r 
D 
W 

steam compress i b i  1 i t y  
we1 1 bore storage 
reservoir  heat capacity 
blbck ha1 f thickness 
f i s su re  ha1 f thickness 
modified Bessel function, 

2nd k i n d  , zero order 
thermal conductivity 
permeabil i t y  
ski n permea bi 1 i t y  
l a t e n t  heat of vaporization 
molecular weight of water 

k h M  
( P i 2  - P 2 )  

i n i t i a l  pressure 
pressure 
production r a t e  

well radius 
r/rw 

r 

ArS 

'i 

tD 

'i 

R 

S 

t 

Z 

a 

B 

l-lV 

PV 
4 

radial  dimension 
skin thickness 
gas constant 
i n i t i a l  l iqu id  saturat ion 
Lap1 ace transform variable 

k, t 
@ p V c  trwz 
time 
i n i t i a l  compressibil i ty 

planar dimension i n  block 
f lu id  di f fusivi  t y  
steam thermal expansivity 
steam viscosi ty  
steam densi ty  
porosity 

fac tor  

subscr ipts  
1 fissure 
2 block 
D d+merisionless 
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Appendix 

F o l l o w i n g  t h e  d i s c u s s i o n  g i v e n  b y  Moench and Atk inson (1978) t h e  
d i f f u s i v i t y  o f  t h e  steam i n  t h e  f i s s u r e  i s  g iven  by: 

k, 

and t h e  d i f f u s i v i t y  o f  t h e  s t e a m - l i q u i d  combinat ion i n  t h e  b l o c k  
i s  g i v e n  by:  

- k2 
"2 - $ 2 ~ V c t ( l + A )  (A21 

Hc dT 1 - -  B E  
c dP where A = - - 

L V  dP 42PvCt t 

Y I f  t h e r e  i s  no l i q u i d  i n  t h e  b l o c k  A=O. N e g l e c t i n g  t h e  r e l a t i v e 1  
smal l  e f f e c t s  o f  steam c o m p r e s s i b i l i t y ,  s p e c i f i c  heat,  and therma 
e x p a n s i v i t y  t h e  combinat ion o f  terms c ( l+A)  become e q u i v a l e n t  

Sorey  (1979).  They g i v e  a u s e f u l  express ion  f o r  $ B t  which i s  a 
f u n c t i o n  o f  pressure and r e s e r v o i r  heat  c a p a c i t y :  

t o  t h e  approximate t o t a l  c o m p r e s s i b i l i  E y, B t ,  g iven  by Grant  and 

where P i s  i n  bars  and Hq i s  i n  J/m3"C. 

thus appears as:  
The r a t i o  o f  d i f f u s i v i t y  i n  t h e  f i s s u r e  t o  t h a t  i n  t h e  b l o c k  

When o n l y  steam i s  p r e s e n t  B t  = c t  and f o r  t h e  parameters o f  
f i g u r e  2 t h e  r a t i o  a l / a 2  = l o 3 .  
a t  30 bars  i n i t i a l  pressure,  9pt=O. l72 b a r - 1  and t h e  r a t i o  
a1/a2 = 430X103. 

When l i q u i d  and steam c o e x i s t  
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Table 1 

Parameters used f o r  comparison of model w i t h  analyt ical  solutions* 

Hcl  
Hc2 
H 

h 

K 

kl 
k2 

'i 

0.55 cal/"C cm3 9 2.77 g / s  
0.61 cal/"C cm3 
75 cm 
10 cm 
0.0 cal/("C cm sec)  T 234°C 

16 cm 
0.0 
Q.0, 0.1 

0.1 
0.01 

rK 

'i 1 
'i 2 

10-8 cm2 91 
92 10- 12cm2 

30 bars 

Table 2 

Parameters used f o r  the pressure buildup simulations* 

c D  
Hc 1 
Hc2 
H 

h 

K 

kl 
k2 

k3 

166 
0.55 cal/"C cm3 
0.62 cal/"C cm3 
104 cm, 374 cm 
10 cm 
0.006 cal/(cm sec " C )  
10'8 cm2 
10'13 cm2 

10-7 cm2 

pi 
9 

rW 

'i 1 
'i 2 

Ar 
S 

T 

$1 

92 

30 bars 
27.7 g/s, 55.4 g/s 
16 cm 
16 cm 
0.0 

0.8 
234°C 
0.1 

0.01 

*parameters not l i s t e d  a r e  known propert ies  of water a t  
prevail i n g  temperature and  pressure. 
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Figure l a  
Conceptual model 
w i t h  porous 
blocks and fissures 

Figure l b  

Idealized fissure- 
block reservoi r 
used i n  the 
anal ys i s 

6 Figure 2 
Comparison o f  
analytical and 
numerical resu l t s  
for si ngl  e phase 

pD steam i n  block 
and f issure .  

4 

2 

0 

pD 

Figure 3 
Comparison of 
analytical and 
numerical resul ts  
w i t h  l i q u i d  and 
steam i n  the block 
and single-phase 
steam i n  f issure.  
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Figure 4 

Pressure buildup 
a t  well bottom 
u s i n g  constant 
tempera t u  r e bound- 
ary i n  the block. 

Figure 5 
Pressure buildup 
a t  well bottom 
u s i n g  thermally 
insulated boundary 
i n  the  block. 

Figure 6 
Pressure buildup 
a t  well bottom 
u s i n g  thermally 
insu la ted  boundary 
i n  the  block. 
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Three-Dimensional Geothernal Rese rvo i r  S imula t ion  

S e i i c h i  Hirakawa, Yoshinobu Fuj inaga  
and Nich inor i  Miyoshi 

Department of H ine ra l  Development Engineer ing 
F a c u l t y  of Engineer ing 

7-3-1 Hongo, Bunkyo-ku, Tokyo 113, Japan  

The au tho r s  p r e s e n t  a three-dimensional model f o r  r e s e r v o i r  
s i m u l a t i o n  t o  show some behaviors  of  f l u i d  f low i n  a geothermal 
r e s e r v o i r ,  assuming water i n f l u x  and h e a t  conduct ion from hea t  
sou rces  under t h e  r e s e r v o i r .  

Bas i c  Equat ions 
system, where mass t r a n s f e r  and h e a t  conduct ion occur .  

The fo l lowing  three equa t ions  d e s c r i b e  a 

Mass conserva t ion  equa t ion  

Equat ion  of s ta te  ( i n  case of water-steam equ i l ib r ium)  

(3) -_--- P = Ps(T) 

The boundary c o n d i t i o n s  f o r  s o l v i n g  the above equat ions  
are a$/% = 0 and 
r e spec t ive ly . .  
cons idered  t o  account  f o r  water encroachment and h e a t  f low 
from t h e  boundaries .  

aT/a?Z = 0 f o r  mass and heat flow, 
Both mass and h e a t  product<ion terms are a l s o  

P o t e n t i a l  equ i l ib r ium and heat e q u i l i b r i u m  are adopted f o r  
t h e  in i t ia l  c o n d i t i o n s  which i n  t u r n  imply no mass f low and 
s t e a d y  s t a t e  h e a t  f low. 
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-P ; r sT-+SP  = -P"  (6) 
The r i g h t  hand s ides  of the  eqs. 4 and 5 a r e  expressed i n  

terms of sf 'us ing A 3  = A b ? +  A P x - P $  AX- 
4 and 5 can be wr i t t en  i n  the  following matrix form2' k i t h  
SSw, d T  and S P  as independent var iables .  

The e q s .  

(7) ----- 
where, YI = ~ ( T ~ + - ~ ~ ) A S P  and Y2=d(HwTw+/-/gG)ASp 
By el iminat ion,  eq. 7 i s  transformed i n t o  

The t h i r d  row of t he  above equation contains only one 
independent var iab le ,  $ p,  which s a t i s f i e s  the following se t  of 
f i n i t e  d i f fe rence  equations. 
fbPs-, +d$Q-i + bSe-1 +~~P+csP;,iteSq,,t~~p,+f= R3 

i s  a s implif ied flow cha r t  t h a t  shows the program's bas ic  log ic .  

1 

These equations are solved by the  d i r e c t  method!' Fig. 1 

Heat Loss Heat flow perpendicular t o  the  top and bottom 
boundaries is assumed. 
boundaries, some more blocks are added above and below the  
reservoi r .  
The heat conduction equation, 

I n  ca lcu la t ing  heat  flow a t  the  

is solved i n  such blocks with appropriate  boundary and in i t ia l  
condi t ions a t  the  newly formed boundaries. I n  this procedure, 
t he  hea t  flow a t  t h e  new time s t e p  calculated with the  following 
equation. 
QT'= Q,"+dST, d=A+/L*ev-f ( V z G Z )  
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Wzter Inf lux 
f o r  the l i n e a r  flow, case by van Everdingen and €iurst,S) water 
i n f lux  i s  

Based on the solut ion of  the d i f fus iv i ty  equation 

The reservoir  i s  divided i n t o  10 x 10 x 5 blocks i n  
X - Y - Z direct ions,  respectively (Fig. 2) .  
blocks and physical propert ies  of the rock and f l u i d  a re  shown 
i n  Table 1. 
water system and the bottom hole pressure of the well i s  assumed 
t o  be constant. 
times are shown i n  Fig. 3 
with water influx. 

The s i z e  of the 

For simplicity,  the model t r e a t s  an i n i t i a l l y  hot- 

P lo ts  of potent ia l  d i s t r ibu t ions  a t  various 
without water inf lux,  while Fig. 4 

NOMENCLATURE 

A = cross sect ional  area,  cm* 
C = compressibility, vol/vol-atm 

H = enthalpy, cal/g 
g = grav i t a t ina l  accelerat ion 
K = absolute permeability, darcy 

Cp = spec i f i c  heat,  cal/g-OC 

kr = r e l a t i v e  permeability 
Tc = thermal conductivity, cal/cm-°C-sec 

Q H  = enthalpy production r a t e ,  H d w  + HgQg, cal/sec 
Q L  = r a t e  of heat l o s s  t o  surroundings, cal/sec 

S, = saturat ion,  f r ac t ion  

Tw = water transmissibility,pAIQr/)iL, .g/atm-sec 
T = steam transmissibi l i ty ,  g/atm-sec 

P = pressure, a t m  
Q = production r a t e ,  g/sec 

Q(t) = f l u i d  inf lux,  dimensionless 

t = t i m e ,  sec 
T = temperature, O C  

8 = i n t e rna l  energy cal/g 
V = bulk volume, cm 3 
2 = depth, c m  
S = potent ia l ,  P - f f g  dZ, atm 
9 = porosity,  f r ac t ion  
6 = time difference, S P  = P*+' - P" 

A t  = time increment, t n + l  - t" 
p = viscosi ty ,  
J' = density,  g/cm 
k = di f fus iv i ty ,  Tc/fCp, cm*/sec 

ptST = derivat ive of the saturated curve with respect t o  
temperature 

Subscr ipts  
w e  = water encroachment, 
w = water, g = steam, i , j , k  = grid,  n = time l eve l  

f = formation 
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Table 1. Example da t a  of Physical Proper t ies  
and Block Dimensions 

I n i t i a l  temperature (1,1,1) 
I n i t i a l  temperature grad ien t  
I n i t i a l  pressure (l,l,l) 
Horizontal permeabili ty 
Ver t i ca l  permeabili ty 
Poros i ty  
I n i t i a l  water sa tu ra t ion  
Water compressibi l i ty  
Formation compressibi l i ty  
Thermal conductivity 
NX = 10, M = 10, NZ = 5 
m = 150m, AY = 150m, AZ = 1 5 m  
I n i t i a l  production rate 
Bottom-hole pressure 

= 26OOC 
= 5°C/100m 
= 70 a t m  
= 100 md 
= 10 md 
= 0.38 
= 1.0 
= 1.65~10-4 vol/vol-atm 
= 4 . 4 ~ 1 0 - ~  vol/vol-a t m  
= 1.53~10-3 cal/cm- OC-sec  

= ~ 2 ~ 1 0 ~  g/sec 
= 60 a t m  
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Calculate  in i t ia l  values (P,T, f',H and U) 
corresponding t o  in i t ia l  conditions (no mass 
flow and steady state heat  flow), using look-up 
t a b l e s  of steam 

S t a r t  0 

Calcula te  heat flow a t  the  top and bottom boundaries, QL .. 

I Input  physical  p roper t ies  and block dimensions 
(7?',K,Z,Cw,Cf,Tc, AX, AY, A Z  etc . )  

Calculate water in f lux ,  Q w e  
Calcula te  production rate of mass and entalpy, Qw,Q and QH 
Calcula te  t r a n s m i s s i b i l i t i e s  and d e n s i t i e s  between flocks, 

Calcula te  o( term 
Calcula te  aJ 'b~ , au/aT , ap/,P and au/aP 
Calcula te  coe f f i c i en t s  Cll-c33 f o r  ssw, &T and gP 
and r e s idua l s  R,,RZ and R3 
Calcula te  & P  by the  d i r e c t  method using D4 ordering scheme 

T w J g ,  Pw and fg 

I 

I 

Calculate  s T and SS, ' 
Calculate  Pvt',Tntl and SW7)+' 

P r i n t  P,T and S, 

I 

Fig. 1 Simplif ied Flow Chart 



-1 93- 

Conductive heal ll?d, qin 

I 

I 

I 
I 
I 
I 
I 
I 

I 

11.0 

I 

I 

I 

l r  I I 
I 

I 
I 

I I I 

D 



-1 94- 

A NUMERICAL SIMULATION OF THE NATURAL 
EVOLUTION OF VAPOR-DOMINATED HYDROTHERMAL SYSTEMS 

K. P ruess ,  Lawrence Berkeley Labora tory ,  C a l i f o r n i a  
A.H. T r u e s d e l l ,  U.S. Geological  Survey, Menlo Park,  CA 

In t roduc t ion  

The n a t u r a l  s t a t e  and t h e  evo lu t ion  of vapor-dominated 
hydrothermal systems have been t h e  sub jec t  of cons iderable  
r e sea rch  and cont roversy  ( s e e  References 1-4, and r e fe rences  
t h e r e i n ) .  White, Muff ler  , and Truesde l l  have formulated a 
comprehensive q u a l i t a t i v e  model of vapor-dominated r e s e r v o i r s .  
Their  work forms t h e  b a s i s  f o r  more r ecen t  a t tempts  t o  under- 
s tand  r e s e r v o i r  processes  i n  more q u a n t i t a t i v e  d e t a i l . 5  

Most previous computat ional  s t u d i e s  of n a t u r a l  f l u i d  and 
hea t  flow i n  geothermal r e s e r v o i r s  have attempted t o  model spe- 
c i f i c  r e s e r v o i r s  or  have i n v e s t i g a t e d  more gene ra l i zed  steady- 
s t a t e  convect ion i n  s ingle-phase f l u i d  (Ref .  6 and r e fe rences  
t h e r e i n )  o r  i n  two-phase f l ~ i d . ~ , ~  In  c o n t r a s t ,  we desc r ibe  
s imula t ion  of t h e  t r a n s i e n t  evo lu t ion  of a "cold" hydrothermal 
system i n t o  a s t eady- s t a t e  p a r t i a l l y  vapor-dominated system. 

I n  our s tudy  we have neglec ted  t h e  e f f e c t s  of s a l t s  and 
gases  and have assumed t h a t  rock p r o p e r t i e s  a r e  time independent 
and homogeneous wi th in  each p a r t  of t h e  system. Despi te  t h e s e  
s i m p l i f i c a t i o n s  w e  b e l i e v e  t h a t  our model demonstrates  t h e  essen- 
t i a l  f e a t u r e s  of a n a t u r a l  hydrothermal convect ion system (NHCS). 

Parameters of  t h e  System 

The model s y s t e m  c o n s i s t s  of a main permeable r e s e r v o i r  of 
water -sa tura ted  porous rock ,  o v e r l a i n  by a cap of less permeable 
rock (F igure  1) .  Through t h e  caprock,  t h e  r e s e r v o i r  communicates 
wi th  su r face  waters  of ambient cond i t ions  (d i scha rge  and r echa rge ) .  
Also,  conduct ive hea t  f low can occur ac ross  t h e  caprock. The 
system i s  d r iven  by a powerful hea t  source a t  i t s  base.  

A system of t h i s  type  has  a long t r a n s i e n t  per iod .  Very 
l a r g e  amounts of f l u i d  must f low be fo re  convect ion p a t t e r n s  
evolve i n t o  a s t eady  s t a t e .  Severa l  thousand time s t e p s  are 
r equ i r ed  f o r  a computer s imula t ion  of t h i s  process .  In  o rde r  t o  
make t h e  computation economically f e a s i b l e ,  a prudent design of 
system geometry and s p a t i a l  d i s c r e t i z a t i o n  i s  r equ i r ed .  We 
model a system wi th  c y l i n d r i c a l  symmetry, which al lows us t o  
employ a two-dimensional g r i d  (F igure  2 ) .  The most c r i t i c a l  
element i n  t h e  s imula t ion  i s  v e r t i c a l  p re s su re  r e s o l u t i o n .  A 
coa r se  d i s c r e t i z a t i o n  i n  t h e  v e r t i c a l  d i r e c t  ion would average 
p res su res  and thereby  i n h i b i t  onse t  and spreading of b o i l i n g .  
F ine r  gr idding  in t roduces  more and smaller e lements ,  which 
inc reases  t h e  computat ional  work per t ime s t e p  and, moreover, 
reduces t i m e  s t e p  s i z e s  due t o  throughput l i m i t a t i o n s .  While 
our t es t  c a l c u l a t i o n s  showed t h a t  a v e r t i c a l  g r i d  spac ing .of  100 



-1 95- 

m or less  i s  d e s i r a b l e ,  we had t o  use a compromise va lue  
of 400 m t o  con ta in  computing c o s t s  (F igure  2 ) .  

The system des ign  r e p r e s e n t s  a "s implest  meaningful case  ,I1 

appropr i a t e  f o r  a f i r s t  exp lo ra to ry  s tudy.  It i s  a r egu la r  
c y l i n d e r  with plane upper and lower boundaries ,  and uniform 
format ion p r o p e r t i e s  throughout t h e  "caprock" and " re se rvo i r "  
s e c t i o n s ,  r e s p e c t i v e l y  ( s e e  Table 1 ) .  There is  no permeabi l i ty  
c o n t r a s t  between h o r i z o n t a l  and v e r t i c a l  d i r e c t i o n s .  Mass and 
hea t  flow ac ross  t h e  v e r t i c a l  boundaries  i s  assumed t o  be 
n e g l i g i b l e .  

The g r i d  c o n s i s t s  of 30 elements with 49 i n t e r f a c e s  (F igure  
2 ) .  One a d d i t i o n a l  element and 5 i n t e r f a c e s  a r e  needed t o  
r e a l i z e  t h e  su r face  boundary cond i t ion .  The spacing i s  uniform 
wi th  400 m v e r t i c a l  and 1000 m h o r i z o n t a l  d i s t a n c e .  

The s imula t ion  w a s  extended over a phys ica l  time of 94,232 
y e a r s ,  r e q u i r i n g  2775 t i m e  s t e p s  and a t o t a l  CPU t i m e  of approx- 
i m a t e l y  1,500 sec  on a CDC 7600 computer. The c a l c u l a t i o n s  w e r e  
made with t h e  s imula tor  SHAFT79, developed a t  LBL, which f e a t u r e s  
an accu ra t e  r ep resen t  a t  ion  of t h e  thermophysical p r o p e r t i e s  of 
water subs tance .  

Evolu t ion  Hi s to ry  

The convect ion system goes through a series of q u i t e  
d i f f e r e n t  and d i s t i n c t  evo lu t ion  p a t t e r n s  be fo re ,  a f t e r  about 
90,000 y e a r s ,  i t  reaches a s t eady  s t a t e .  I n t e r e s t i n g  mechanisms 
wi th  p o s i t i v e  and nega t ive  feedback occur on d i f f e r e n t  time 
s c a l e s .  Table 2 summarizes t h e  main evolu t ionary  phases ,  while  
f i g u r e s  3-5 present  some i l l u s t r a t i v e  d a t a .  In the  subsequent 
d i s c u s s i o n ,  we s h a l l  r e f e r  t o  t h e  va r ious  r e s e r v o i r  reg ions  by 
means of g r i d  block names as  shown i n  F igure  2 .  

The system s t a r t s  out  i n  g r a v i t a t i o n a l  equi l ibr ium (no mass 
f lows) ,  with a t y p i c a l  "na tura l"  temperature  g rad ien t  of .04 
OC/m ( s e e  Table 1 ) .  The temperature  g rad ien t  g ives  r ise  t o  a 
v e r t i c a l  hea t  flow of .084 W/m2, corresponding t o  2.0 HFU. 
The t o t a l  ra te  of hea t  l o s s  through t h e  ground su r face  i s  6.6 
MW, so t h a t  hea t  i n j e c t i o n  a t  t h e  bottom a t  a ra te  of 98.2 
MW g ives  r ise  t o  n e t  energy ga in  a t  a ra te  of 91.6 MW ( s e e  
Figure 3 ) .  The sys t em s t a r t s  t o  hea t  up a t  t h e  bottom, c e n t e r  
(e lements  R5 and S5).  This process  i s  accompanied by thermal 
expansion of t h e  pore water and p res su re  inc rease .  Subsequently 
water begins  t o  flow upward and outward, and d ischarge  i s  
i n i t i a t e d  near  t h e  c e n t e r .  Upflow i n  t h e  c e n t e r  and t h e  hea t ing  
and accompanying r educ t ion  i n  d e n s i t y  of t h e  c e n t r a l  water 
column slow t h e  p re s su re  i n c r e a s e  i n  R5, S5, and a f t e r  32 yea r s  
p re s su res  s t a r t  t o  decrease  above t h e  hea t  source.  This causes  
water t o  flow towards t h e  c e n t e r  a t  t h e  bottom, which spreads 
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t h e  p re s su re  d e c l i n e  outward and i n i t i a t e s  downflow near  t h e  
per iphery .  Gradual ly  t h e  mass flow p a t t e r n  changes from upward 
and outward i n t o  a t o r o i d a l  t y p e  of conf igu ra t ion ,  where f l u i d  
flows up near  t h e  c e n t e r ,  flows outward i n  t h e  shal lower po r t ions  
of  t h e  system, downward near  t h e  margins,  and towards t h e  c e n t e r  
nea r  t h e  bottom. Af te r  about 200 yea r s  p re s su res  s t a r t  t o  
decrease  a t  t h e  margins below t h e  su r face .  Mass d ischarge  
t h e r e f o r e  diminishes  near  t h e  margins ,  while  it cont inues  t o  
inc rease  near  t h e  c e n t e r .  This g ives  r i s e  t o  t h e  pronounced 
peak i n  ne t  mass d ischarge  a f t e r  280 yea r s  ( s e e  F igure  3 ) .  
Af t e r  about 700 yea r s  recharge  begins  a t  t h e  margins.  A s  t i m e  
goes on,  t h e  convec t ive  flow rates  inc rease  (F igure  4 ) ,  and t h e  
p a t t e r n  expands towards t h e  margins t o  e s t a b l i s h  a coherent  
motion throughout t h e  r e s e r v o i r .  The s t e e p  inc rease  i n  convec- 
t i o n  r a t e s  i n  t h e  per iod  from 300 - 1000 yea r s  i s  caused by a 
p o s i t i v e  feedback process :  upflow of  hot  water i n  t h e  c e n t e r  
begins  t o  hea t  up shal lower po r t ions  of t h e  r e s e r v o i r  ( s e e  t h e  
inc rease  i n  temperature  of R 1  a f t e r  600 y e a r s ,  Figure 51, 
thereby  reducing t h e  v i s c o s i t y  of t h e  flowing water  and increas-  
ing convect ion r a t e s .  Convection r a t e s  become so l a r g e  t h a t  t h e  
temperatures  immediately above t h e  hea t  source s t a r t  t o  d e c l i n e ,  
due t o  l a r g e  inf low of co lde r  waters  ( s e e  t h e  temperature  
maximum f o r  R 5  a f t e r  600 y e a r s ) .  This process coun te rac t s  t he  
preceding inc rease  i n  convect ion r a t e s ,  and s t a b i l i z e s  flows 
a t  somewhat smaller va lues  a f t e r  about 2000 yea r s  (F igure  4 ) .  
Temperatures below t h e  s u r f a c e  s t a r t  i nc reas ing  a f t e r  1000 yea r s  
(element C 1 ,  F igure  51, slowly inc reas ing  conduct ive hea t  l o s s  
and decreas ing  t h e  ne t  r a t e  of energy ga in .  Subsequently t h e  
system goes through a long per iod  c h a r a c t e r i z e d  by a slow 
inc rease  i n  tempera tures  throughout ,  while minor rearrangements 
i n  convect ion p a t t e r n s  cont inue  t o  t ake  p l ace .  The l a t t e r  i s  
i l l u s t r a t e d  by t h e  changes i n  flow d i r e c t i o n  between S3/R3 and 
T2/T3 (F igure  4 ) .  The p a r t i c u l a r  way i n  which these  changes 
occur  i s  obviously dependent upon t h e  s p a t i a l  d i s c r e t i z a t i o n  
employed i n  t h e  s imula t ion .  It i s  l i k e l y  t h a t  some of t h e  
non-l inear  feedback processes  mentioned above a r e  a l s o  a f f e c t e d  
(exaggerated)  by d i s c r e t i z a t i o n  e f f e c t s .  No s i g n i f i c a n t  event 
occurs  u n t i l ,  a f t e r  39,000 y e a r s ,  b o i l i n g  commences i n  element 
R 1 .  This g ives  r i s e  t o  a number of important changes. Steam 
s a t u r a t i o n  i n  R 1  i n c r e a s e s  f a i r l y  r a p i d l y ,  reaching  10% a f t e r  
40,000 y e a r s ,  and 15% a f t e r  46,000 yea r s .  Af te r  t h e  t r a n s i t i o n  
t o  two-phase c o n d i t i o n s ,  temperatures  and hence p res su res  remain 
p r a c t i c a l l y  cons t an t  i n  t h e  two-phase zone ( s e e  F igure  51, 
a d d i t i o n a l  hea t  in f low being absorbed by b o i l i n g .  Pressures  
cont inue  t o  d e c l i n e  i n  t h e  s ingle-phase r eg ions ,  due t o  hea t ing  
up and r educ t ion  i n  d e n s i t y  with inc reas ing  temperature .  Thus 
t h e  p re s su re  g r a d i e n t s  which d r i v e  flow towards t h e  two-phase 
zone diminish.  The consequences can be read from Figure  4 :  t he  
upflow nea r  t h e  c e n t e r  d iminishes  r a p i d l y  (R2/R3), and t h e  ho t  
upwelling waters  a r e  d i v e r t e d  outward i n  a funnel - l ike  p a t t e r n  
( c f .  t h e  s t e e p  inc rease  i n  flow r a t e s  f o r  S3/R3 and T2/T3 a s  
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examples).  This  outward d i v e r s i o n  of upwelling hot  waters  i s  
t h e  main mechanism by which t h e  b o i l i n g  spreads l a t e r a l l y .  A 
minor c o n t r i b u t i o n  t o  t h e  spreading comes from h o r i z o n t a l  
outward flow of  water. The l a t t e r  i s  i n h i b i t e d  by permeabi l i ty  
r educ t ion  f o r  w a t e r  f low due t o  bui ldup  of steam s a t u r a t i o n .  
R e l a t i v e  pe rmeab i l i t y  f o r  water i s  reduced t o  40% and 24%, 
r e s p e c t i v e l y ,  f o r  steam s a t u r a t i o n s  of 10% and 15%. Hor izonta l  
steam flow remains small  a t  a l l  t imes ,  and does not c o n t r i b u t e  
s i g n i f i c a n t l y  t o  t h e  l a t e ra l  spreading of b o i l i n g .  Subsequent 
phase t r a n s i t i o n s  occur i n  S 1  ( a f t e r  43,500 y e a r s ) ,  T1 ( a f t e r  
46,000 y e a r s ) ,  and U1 ( a f t e r  49,000 y e a r s ) .  Temperatures and 
p res su res  remain e s s e n t i a l l y  cons tan t  i n  t h e  two-phase zones.  
Therefore ,  p re s su res  do not change much i n  the  caprock over ly ing  
t h e  two-phase zones,  so t h a t  mass d ischarge  remains approximately 
cons t an t .  However, p re s su res  cont inue t o  d e c l i n e  a t  t h e  margins ,  
causing recharge  r a t e s  t o  inc rease  and g iv ing  r i s e  t o  t h e  sharp  
drop  i n  ne t  r a t e  of mass l o s s  a f t e r  50,000 years  (F igure  3 ) .  
Severa l  a d d i t i o n a l  phase t r a n s i t i o n s  occur (e lements  R 2 ,  S2, C l >  
u n t i l ,  a f t e r  about 90,000 y e a r s ,  t h e  system approaches a s teady  
s t a t e .  

The Steady S t a t e  

A s  t h e  r a t e  of su r f ace  hea t  l o s s  approaches t h e  ra te  a t  
which energy i s  i n j e c t e d  a t  t h e  base ,  and as  t h e  ra te  of mass 
recharge  approaches t h e  r a t e  of d i scha rge ,  t h e  ne t  r a t e s  of 
energy g a i n  and mass l o s s  go t o  zero  (F igure  3 ) .  
s t a t e  a l l  f low p a t t e r n s  a r e  s t a t i o n a r y  (t ime-independent) , and 
mass- and energy-content of t h e  sys t em remains cons t an t .  
Table 3 p re sen t s  d a t a  on t h e  r a t e s  of mass and energy flow 
through t h e  ground su r face  a f t e r  92,979 yea r s .  The ra te  of 
energy d ischarge  i s  t o  wi th in  0.1% of  t h e  i n j e c t e d  energy. 
more accu ra t e  s teady  s t a t e  could be obta ined  us ing  a f i n e r  
mesh.) The energy d i scha rge  i s  approximately 90% conduct ive and 
10% convect ive ,  with energy f l u x  l a r g e s t  above t h e  hea t  source ,  
as expected.  F lu id  d i scha rge  i s  a l s o  s t r o n g e s t  above t h e  
hea t  source.  It t a p e r s  o f f  away from t h e  c e n t e r ,  and changes 
i n t o  recharge towards t h e  margins.  In  t h e  s teady  s t a t e ,  t h e  
system has  l o s t  21.6% of  i t s  i n i t i a l  mass con ten t ,  bu t  i t s  
energy conten t  has  increased  3.2 t imes .  Of t h e  hea t  i n j e c t e d  i n  
92,979 y e a r s ,  on ly  27 .2% remains i n  t h e  system, t h e  r e s t  having 
been discharged t o  t h e  atmosphere. 

In  t h e  s teady  

( A  

Conclusions 

This  work demonstrates  t h e  a p p l i c a t i o n  of numerical  simula- 
t i o n  methods t o  s tudy t h e  n a t u r a l  evo lu t ion  of vapor-dominated 
geothermal r e s e r v o i r s .  However, t h e  l a r g e  computational e f f o r t  
involved i n  t h i s  p r e s e n t l y  l i m i t s  ob ta inab le  s p a t i a l  r e s o l u t i o n  
and accuracy of r e s u l t s .  
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The numerical simulation reveals several mechanisms, which 
are operative at different stages in the evolution of the 
system. The more important mechanisms are: (1) initiation of 
intense reservoir-wide convection by means of a positive feedback 
between convective heat transport and reduction in fluid viscosity, 
and (2) the lateral spreading of boiling by means of displacement 
of upward convection away from two-phase zones. 

Although only a relatively thin vapor-dominated zone was 
produced in these calculations, the steady state results demon- 
strate many of the features inferred from the study of natural 
systems, including: 1) vertical counterflow of steam and liquid 
water with steam rising and condensate falling; 2) lateral 
movement of steam from the center toward the edges of the 
system; 3) condensation of steam due to upward conductive heat 
loss with condensate draining downwards to a liquid dominated 
zone where it flows toward a central zone of boiling; 4) an 
interface between a shallow, liquid saturated zone and the 
vapor-dominated zone that is at a temperature near the enthalpy 
maximum of saturated steam (236 OC); 5 )  boiling in the central 
part of the underlying liquid dominated zone with boiling rates 
increasing with depth to a maximum close to the bottom of the 
two-phase zone. 

It is to be emphasized that the present study was made for 
a rather schematic reservoir model, and more realistic features 
will be incorporated in future simulations. 
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RESERVOIR PARAMETERS 

Cylinder with 2.4 km height, 5 km radius 

FORMATION PARAMETERS 

CAPROCK 
(top 400 m) 

density 2600 kg/m3 

porosity .10 
permeability . 3  x 10- m 
specific heat 775 J/kg OC 

heat conductivity 2.1 w/m c 

15 2 

0 

RE SERVO IR 
(bottom 2000 m) 

2 6 0 0 kg /m3 

.10 
-15 2 100 x 10 m 

775 J/kg OC 

2.1 w/m OC 

(no compressibility or thermal expansivity) 

Corey relative permeability functions with k = -5, krs = 0 rw 

I 

mantle : 

bot tom : 

BOUNDARY CONDITIONS 

top: average ambient ground surface conditions of 
5 

'F = 10 OC, p = 10 Pa (E 1 bar) 

"no flow" 

over circle with 2 km radius at center have heat flow of 
7.8125 W/m (corresponding to an average heat flow of 

1.25 W/m over the entire bottom area); otherwise "no flow" 

2 

2 

INITIAL CONDITIONS 

temperature gradient 1 VT[ = -04 
-084  M/m2 2 2.0 HFU) 

pressure gradient is hydrostatic (gravitational equilibrium with no 

mass flow) 

0 C/m (.i.e., "natural" heat flow of 



TABLE 2: EVOLUTION OF A VAPOR-WMINATED HYDROTHERMAL SYSTEM 

PHASE HEAT EFFECTS FLUID FLOW 

i n i t i a l  s ta te  

"dormant" s ta te  
(0-300 y e a r s )  

e v o l u t i o n  of 
i n t e n s e  convect ion 
above h e a t  source  
(300-1,000 y e a r s )  

e v o l u t i o n  of r e s e r v o i r -  
wide convect i on  
(1,000-39,000 y e a r s )  

e v o l u t i o n  of b o i l i n g  
(39,000-90,000 y e a r s )  

s t e a d y  s t a t e  
( a f t e r  90,000 y e a r s )  

"na tura l"  h e a t  f low 

temperature  rises above 
h e a t  source  

rap id  i n c r e a s e  i n  
temperatures  upward 
from h e a t  source  

spreading of e l e v a t e d  
temperatures  throughout 
sys  t e m  

s t a b i l i z a t i o n  of tempera t u r e s  
(hence p r e s s u r e s )  i n  
two-phase zones 

s u r f a c e  h e a t  loss equals  
base h e a t  in f low 

no mass flow 
( g r a v i t a t i o n a l  equ i l ib r ium 
wi th  s u r f a c e  w a t e r s )  

slow mass f low away 
from h e a t  source  
( thermal  expansion)  

rap id  i n c r e a s e  i n  mass f low 
( p o s i t i v e  feedback from 

1 
N 
0 
I 

temperature-dependence 0 

of v i  s c  0 s i t y) 

slowly rear ranging 
" to ro ida l "  f low p a t t e r n  

"f unnel- l ike"  displacement  
of convec t ive  upflow away 
from two-phase zones,  with 
l a t e r a l  spreading  of b o i l i n g  

recharge  equals  d i scha rge  
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1.082 
,7820 
-0700 

-.I251 
- .3250 

TABLE 3:  Surface Heat Flow and Fluid Discharge and Recharge in Steady State, 

3.018 

2.371 
1,348 
1.096 
.7417 

Olstance from 
Center (km) 

.5 
1.5 
2.5 
3.5 
4.5 

Surface 
Ares (km') 

~ 

Entire 
Surface 

') Posltlve for discharge, negatlve for recharge. 

b, Contains conductlon and convection. 

3.142 
9.425 
15.71 
21.99 
28.27 

78.54 

Total Mass 
Flow (kg/sec) 

3.40 
7.31 
1 .IO 

-2.75 
-9.19 

-0.07 

~ ~~ 

Total Energyb1 
Flow (HU) 

9.48 
22.35 
21.18 
24.11 
20.97 

98.09 

.............................. 

................................................ .................................................. .................................................. .................................................. .................................................. 0 

0 

400 
800 v ..................................... ................................... ........................ ........................ 1200 f 

Q 
1600 0" 
2000 
2400 

XBL 003-66?6 A 

Fj.g,ure 1. Model of Na tu ra l  Hydrothermal  Convection System (NHCS). 
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Figure 2 .  Ver t i ca l  Cross Sect ion of NHCS. 
and the  space d i s c r e t i z a t i o n  with element names i s  shown. 
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Figure 3 .  Energy Gain and Mass Loss for  NHCS. 
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Figure  4 .  Mass Flow Rates  i n  NHCS. The curves a r e  l abe led  wi th  t h e  elements  
between which t h e  flow occur s .  Flows are from t h e  second element 
i n t o  t h e  f i r s t ,  u n l e s s  a curve i s  l abe led  (-1. 
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Figure  5. Temperature Evolu t ion  i n  NPCS. 
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NUMERICAL STUDIES OF THE ENERGY SWEEP I N  

FIVE-SPOT GEOTHERMAL PRODUCTION/ I N J E C T I O N  SYSTEMS 

M . J .  O ’ S u l l i v a n  and K .  P r u e s s  
E a r t h  S c i e n c e s  D i v i s i o n  

Lawrence Berke ley  L a b o r a t o r y  
Un i v e r  s it y o f C a 1 i f o r n  i a 

Berke ley ,  C a l i f o r n i a  94720 

INTRODUCTION 

Most r e c e n t  i n t e r e s t  i n  t h e  i n j e c t i o n  of  c o l d  water i n t o  a 
geothermal  r e s e r v o i r  h a s  been r e l a t e d  t o  t h e  d i s p o s a l  o f  geo the rma l  
b r i n e s .  I n j e c t i o n  a l s o  o f f e r s  t h e  p o t e n t i a l  b e n e f i t  of  p ro long ing  
t h e  u s e f u l  l i f e  of  a vapor-dominated system by p r o v i d i n g  a d d i t i o n a l  
w a t e r  t o  e x t r a c t  ene rgy  o u t  of  t h e  rock  m a t r i x .  I n  a l iquid-dominated 
r e s e r v o i r  i n j e c t i o n  may h e l p  t o  m a i n t a i n  p r e s s u r e s  n e a r  t h e  produc- 
t i o n  w e l l s  by pushing t h e  ho t  w a t e r  toward t h e m  and p r e v e n t i n g  t o o  
much l o c a l  b o i l i n g .  P r e s s u r e  maintenance can a l s o  be ach ieved  
f o r  supe rhea ted  steam z o n e s ,  because  i n j e c t i o n  w i l l  c ause  p r e s s u r e s  
t o  i n c r e a s e  towards t h e  s a t u r a t i o n  p r e s s u r e  (Schroede r  e t  a l .  
( 1 9 8 0 ) ) .  

The g e n e r a l  p h y s i c a l  p r i n c i p l e s  gove rn ing  t h e s e  p r o c e s s e s  are 
unde r s tood  b u t  no q u a n t i t a t i v e  in fo rma t  i o n  i s  a v a i l a b l e .  The 
p r e s e n t  work is  aimed a t  h e l p i n g  t o  improve t h e  q u a l i t a t i v e  and 
q u a n t i t a t i v e  u n d e r s t a n d i n g  o f  i n j e c t i o n  i n t o  a geothermal  r e s e r v o i r  
by c o n s i d e r i n g  a few i d e a l i z e d  problems.  F i r s t  a vapor-dominated, 
s i n g l e  l a y e r  r e s e r v o i r  i s  c o n s i d e r e d ,  n e x t  a vapor-dominated, 
f o u r  l a y e r  r e s e r v o i r ,  and f i n a l l y  a l i qu id -domina ted ,  s i n g l e  l a y e r  
r e s e r v o i r .  I n  each c a s e  v a r y i n g  i n j e c t i o n  r a t e s  are c o n s i d e r e d  and 
i n  some cases t h e  i n j e c t i o n  i s  changed at d i f f e r e n t  t i m e s .  

The SHAFT79 s i m u l a t o r  ( s e e  P r u e s s  and Schroede r  (1979)  f o r  
example) i s  used t o  c a l c u l a t e  t h e  r e s e r v o i r  b e h a v i o r  i n  each case. 
It i s  o n l y  w i t h  t h e  advent  of  e f f i c i e n t  geo the rma l  r e s e r v o i r  
s i m u l a t o r s ,  such as SHAFT79 and o t h e r  codes  ( f e e  Coa t s  (19771,  
Faus t  and Mercer (1979)  and Brownell  e t  a l .  ( 1 9 7 5 ) ,  f o r  example) ,  
t h a t  i t  is p o s s i b l e  t o  c a l c u l a t e  t h e  b e h a v i o r  of  a two-phase 
r e s e r v o i r  d u r i n g  i n j e c t i o n .  The c o n d e n s a t i o n  of  steam and t h e  
movement of t h e r m a l  and hydrodynamic f r o n t s  t h rough  t h e  r e s e r v o i r  
as a c o l d  zone around an i n j e c t i o n  w e l l  expands are s e v e r e  t e s t s  of  
t h e  c a p a b i l i t i e s  of  a s i m u l a t o r  and are v e r y  d i f f i c u l t  phenomena t o  
model a c c u r a t e l y .  P r e v i o u s  work by t h e  a u t h o r s  ( 0 ’  S u l l i v a n  and 
P r u e s s  ( 1 9 8 0 ) ,  Sch roede r  e t  a l .  (1980) )  h a s  demons t r a t ed  t h e  
accu racy  o f  SHAFT79 i n  modeling i n j e c t i o n  problems. 
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Our c a l c u l a t i o n s  a r e  made f o r  a f ive-spot conf igu ra t ion  of 
a l t e r n a t e ,  o f f - se t  rows of producers and i n j e c t o r s  ( s e e  Figure 1 ) .  
A c a l c u l a t i o n  mesh with 34 nodes ( s e e  F igure  1 )  i s  used, which i s  
b a r e l y  s u f f i c i e n t  t o  g ive  accu ra t e  r e s u l t s .  In  f a c t ,  some of t h e  
r e s u l t s  e x h i b i t  small  o s c i l l a t i o n s  with time due t o  t h i s  r e l a t i v e l y  
coa r se  d i s c r e t i z a t i o n .  

Five-spot problems f o r  water f looding  of o i l  r e s e r v o i r s  have 
rece ived  cons ide rab le  a t t e n t i o n  over t h e  yea r s ,  and more r e c e n t l y  
steam f looding  problems a r e  a l s o  being considered ( s e e  Taschman 
(1980) , Greaser  and Share (1980)) .  In  o i l  r e s e r v o i r  i n j e c t  ion/ 
product ion problems t h e  b a s i c  problem i s  one of mass recovery and 
t h e  i n j e c t e d  and produced f l u i d  a r e  not mi sc ib l e .  For geothermal 
r e s e r v o i r s  t h e  problem involves  both mass and energy recovery 
and t h e  i n j e c t e d  f l u i d  may be u s e f u l l y  produced once it absorbs 
hea t  from t h e  rock. The i n t e r a c t i o n  of hea t  and mass t r a n s f e r  
makes t h e  geothermal f ive-spot  problem more d i f f i c u l t  than t h e  
corresponding o i l  problem. And so f a r  l i t t l e  work has been done 
on it. 

For t h e  i n j e c t i o n  of co ld  water i n t o  an e n t i r e l y  hot water 
r e s e r v o i r  no two-phase e f f e c t s  are p r e s e n t ,  making t h e  problems 
much more t r a c t a b l e ,  and s e v e r a l  workers have i n v e s t i g a t e d  them 
( s e e  Lippmann e t  a l .  (1977) ,  f o r  example). 

VAPOR-DOMINATED RESERVOIR 

The r e s e r v o i r  parameters  are l i s t e d  i n  Table 1. They were 
chosen t o  be s i m i l a r  t o  those  f o r  vapor-dominated f i e l d s  such as  
t h a t  a t  L a r d e r e l l o ,  I t a l y ,  but  a r e  b a s i c a l l y  r a t h e r  a r b i t r a r y .  The 
product ion ra te  was s e l e c t e d  t o  give a f l u i d  s u p p l y  of  approximately 
30 yea r s .  The r e s e r v o i r  was produced a t  a cons tan t  r a t e  of 0.0025 
kg/s.m i n  a l l  c a s e s ,  and d i f f e r e n t  i n j e c t i o n  r a t e s  t e s t e d .  The 
c a l c u l a t i o n  was stopped when t h e  p re s su re  i n  t h e  product ion 
node dropped below 0 . 7  MPa,  taken t o  be a representative minimum 
v a l u e  r equ i r ed  t o  s u s t a i n  flow i n  t h e  we l l .  

The r e s u l t s  i n  Table  2 summarize t h e  energy and f l u i d  produc- 
t i o n  d a t a  ( f o r  t h e  c a l c u l a t i o n  zone and a r e s e r v o i r  of 10 m th ick-  
n e s s ) .  With no i n j e c t i o n  t h e  r e s e r v o i r  l a s t s  33.2 yea r s ,  a t  which 
t ime near1  a l l  t h e  f l u i d  has  been e x t r a c t e d ,  but  of t h e  o r i g i n a l  

been e x t r a c t e d .  Not a l l  of t h e  o r i g i n a l  energy could be e a s i l y  
e x t r a c t e d .  For comparison, t h e  rock alone a t  180 OC would con ta in  
40.8 x 1013 J, i n d i c a t i n g  t h a t  t h e r e  i s  more high q u a l i t y  energy 
l e f t  i n  t h e  rock than w a s  produced. Towards t h e  end of t h e  l i f e  of 
t h e  f i e l d  when l i t t l e  mass remains,  t h e  p re s su re  drops very  f a s t  
( s e e  F igure  2 ) .  

57.4 x lo1 3 J o f  energy i n  t h e  r e s e r v o i r  on ly  7.3 x 1013 J have 
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I f  co ld  water  (40  OC) i s  i n j e c t e d  a t  t h e  same r a t e  as  it i s  
produced, t h e  r e s e r v o i r  l a s t s  39.7 y e a r s ,  and an e x t r a  1 .0  x 1013 J 
of energy a r e  e x t r a c t e d .  Now t h e  pressure  d e c l i n e s  not because t h e  
r e s e r v o i r  i s  running out  of mass, bu t  because t h e  mass i s  too f a r  
from t h e  product ion w e l l ,  and t h e  p re s su re  grad ien t  requi red  t o  
cause it t o  flow ac ross  is  so g rea t  t ha t '  t h e  pressure  i n  the  
product ion block drops u n t i l  t h e  cu t  o f f  of 0.7 MPa i s  reached. 

An i n j e c t i o n  r a t e  of double the  product ion r a t e  causes  the  
f i e l d  t o  l a s t  49.6 y e a r s ,  and t h e  f i n a l  energy conten t  i s  now 47.5 
x 1013 J. 
t h e  f l u i d  t o  flow from t h e  i n j e c t i o n  wel l  t o  t he  producing we l l .  
An i n j e c t i o n  r a t e  of t h r e e  t i m e s  t h e  product ion r a t e  produces a 
premature break-through of cold water .  The high i n j e c t i o n  r a t e  
causes  a tongue of cold water  t o  reach the  producer a t  around 40 
yea r s .  However, energy recovery can be improved by a high i n i t i a l  
i n j e c t i o n  r a t e  and then c u t t i n g  o f f  a l l  i n j e c t i o n .  The l a s t  
f i g u r e s  i n  Table 2 a r e  f o r  26.9 years  of 300% i n j e c t i o n  followed by 
a p e r i o d  of no i n j e c t i o n  up t o  57 .3  yea r s .  A t  t h i s  s t age  only 45.6 
x 1013 J remain i n  t h e  r e s e r v o i r .  This s t r a t e g y  r e s u l t s  i n  the  
e x t r a c t i o n  of 11.8 x 1013 J a s  opposed t o  7 .3  x 1013 J wi th  no 
i n j e c t  ion .  

But again t h e  p re s su re  drops too low, t r y i n g  t o  induce 

The p res su re  d e c l i n e  curves in  Figure 2 show c l e a r l y  t h e  
s l i g h t l y  f a s t e r  r a t e  of p re s su re  drop r e s u l t i n g  from t h e  reduct ion  
of t he  volume a v a i l a b l e  fo r  b o i l i n g  when i n j e c t i o n  takes  p lace .  

GRAVITY EFFECTS 

No f u r t h e r  a t tempts  were made t o  opt imize energy e x t r a c t i o n  
because the  r e s e r v o i r  considered has  some l i m i t a t i o n s  i n  i t s  
p r a c t i c a l i t y .  Probably the  most severe l i m i t a t i o n  i s  t h a t  i n  a 
s i n g l e  l a y e r  r e s e r v o i r  a l l  v e r t i c a l  flow i s  neglec ted .  When dense 
co ld  water i s  being i n j e c t e d  i n t o  a hot high vapor s a t u r a t i o n  
reg ion ,  g r a v i t y  induced v e r t i c a l  flows w i l l  be l a r g e .  To i n v e s t i g a t e  
t h i s  e f f e c t  a four  l a y e r  r e s e r v o i r ,  each 25 m t h i c k ,  was cons idered .  
The r e s e r v o i r  p r o p e r t i e s  used were i d e n t i c a l  t o  those  f o r  t h e  
s i n g l e  l aye r  case .  A s  expected,  t h e  i n j e c t e d  water  mostly moves t o  
t h e  bottom of t h e  r e s e r v o i r  and a f t e r  11.6 yea r s  t h e  product ion 
from t h e  bottom layer  i s  a two-phase mixture  r a t h e r  than dry steam. 
The vapor s a t u r a t i o n  p r o f i l e  between t h e  product ion and i n j e c t i o n  
w e l l s  i n  each l a y e r ,  l a b e l e d  A , B , C , D ,  i n  descending o r d e r ,  i s  shown 
i n  F igure  3 with  t h e  s i n g l e  l a y e r  r e s u l t  given fo r  comparison. 
Because t h e  mesh used i s  three-dimensional ,  t h e  c a l c u l a t i o n  i s  
expensive and no f u r t h e r  exper imenta t ion  was c a r r i e d  o u t ,  but  
obviously g r a v i t y  i s  very  important i n  determining the  optimum 
energy recovery s t r a t e g y  fo r  a r e s e r v o i r .  



-207- 

L IOU ID-DOMINATE D RE SERVO I R 

A s i n g l e  l a y e r  r e s e r v o i r  with t h e  same p r o p e r t i e s  as those  
given i n  Table  1 f o r  t h e  vapor-dominated case  was considered.  The 
i n i t i a l  p re s su re  w a s  taken as 3.58 m a ,  approximately 0.13 MPa above 
t h e  b o i l i n g  p res su re  a t  240 OC. With no i n j e c t i o n ,  t h e  r e s e r v o i r  
qu ick ly  b o i l s  and as t h e  vapor s a t u r a t i o n  inc reases  near  t h e  
product ion w e l l ,  and t h e  m o b i l i t y  t h e r e f o r e  d e c l i n e s ,  t h e  p re s su re  
drops i n  t h e  product ion block s t e a d i l y  with f a i l u r e  of t h e  r e s e r v o i r  
a f t e r  9 .6  yea r s .  A t  t h i s  s t a g e ,  p l en ty  of  mass and energy remain 
i n  t h e  r e s e r v o i r .  The f a i l u r e  has  occurred s o l e l y  as a r e s u l t  
of l o c a l  b o i l i n g  nea r  t h e  product ion w e l l .  
equa l  t o  t h e  product ion r a t e ,  b o i l i n g  i n  t h e  r e s e r v o i r  i s  kept  at a 
low l e v e l ,  and product ion can be cont inued f o r  120 yea r s  wi th  t h e  
u s e f u l  hea t  i n  t h e  r e s e r v o i r  most ly  swept ou t .  An i n j e c t i o n  ra te  
h a l f  of t h e  product ion r a t e  main ta ins  product ion p res su res  f o r  
approximately 16 y e a r s ,  bu t  then  l o c a l  b o i l i n g  again causes  a sharp  
d e c l i n e  i n  p re s su re  ( s e e  F igure  4 ) .  
t i o n  was inves t iga t ed  by having no i n j e c t i o n  fo r  s i x  yea r s  and then  
i n j e c t i n g  at t h e  same r a t e  as product ion.  In  t h i s  case  t h e  produc- 
t i o n  block p res su re  f i r s t  drops even more s t e e p l y .  This occurs  
because t h e  f i r s t  e f f e c t  of i n j e c t i o n  i s  t o  reduce t h e  volume of 
b o i l i n g  f l u i d  a v a i l a b l e  f o r  steam product ion.  Af te r  a sho r t  time 
t h e  e x t r a  steam produced by t h e  i n j e c t e d  f l u i d  near  t h e  i n j e c t i o n  
wel l  reaches  t h e  product ion block,  i nc reas ing  t h e  p re s su re  and 
temperature  t h e r e .  This  e f f e c t  i s  shown i n  t h e  temperature  
p r o f i l e s  a t  7.2 y e a r s  and 8 . 7  yea r s  r e s p e c t i v e l y  ( s e e  F igure  
5 ) .  

With an i n j e c t i o n  r a t e  

The e f f e c t  of de lay ing  in j ec -  

A s  t h e  steam product ion i n  t h e  middle of t h e  r e s e r v o i r  proceeds,  
i t  coo l s  ( s e e  F igure  5 a t  10.7 y e a r s )  and i s  not ab le  t o  s u s t a i n  
such a h igh  r a t e  of steam product ion.  Then b o i l i n g  near  t h e  wel l  
i n c r e a s e s  and t h e  p re s su re  subsequent ly  drops ,  reaching  a f a i l i n g  
l e v e l  a t  about 20 yea r s .  Thus delayed i n j e c t i o n  cannot main ta in  
p re s su res  i n  t h i s  r e s e r v o i r .  

A f u r t h e r  l iquid-dominated r e s e r v o i r  was considered with a 
h ighe r  pe rmeab i l i t y  (100 md). 
l o c a l i z e d ,  and wi th  no i n j e c t i o n  t h e  r e s e r v o i r  l a s t s  approximately 
26 yea r s  ( s e e  F igure  6; .  
l o c a l i z e d  cool ing  near  t h e  product ion w e l l .  The temperature  t h e r e  
drops t o  around 180 OC, where t h e  p re s su re  of s a t u r a t e d  steam i s  
0.8 MPa. A s  f o r  t h e  prev ious  case  i n j e c t i o n  at t h e  same rate  as 
product ion w i l l  main ta in  p re s su res  i n  t h e  r e s e r v o i r  u n t i l  most of 
t h e  energy i s  swept from i t .  

I n  t h i s  c a s e ,  b o i l i n g  i s  not so 

I n  t h i s  case  t h e  f a i l u r e  r e s u l t s  from 

CONCLUSIONS 

The c a l c u l a t i o n s  presented he re  a r e  l i m i t e d  i n  t h e i r  scope. 
V i r t u a l l y  only  one set of r e s e r v o i r  parameters was cons idered .  
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However, some t e n t a t i v e  conclus ions  can be reached. In  a two-phase 
vapor-dominated r e s e r v o i r ,  i n j e c t i o n  cannot main ta in  p re s su res ,  but  
it can inc rease  t h e  energy recovered.  In  liquid-dominated sys t ems ,  
i n j e c t i o n  can be used t o  main ta in  product ion p res su res  and inc rease  
longev i ty ,  bu t  it should be s t a r t e d  e a r l y  and a t  a high r a t e .  

Much work remains t o  be done, p a r t i c u l a r l y  with regard t o  
g r a v i t y  e f f e c t s ,  t h e  combined e f f e c t s  of i n j e c t i o n  and n a t u r a l  
recharge ,  and t h e  e f f e c t  of f r a c t u r e s .  
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Table 1. Reservoir  Parameters 

$ = 0.1 

K = 40 mD 

Product ion Rate 0.0025 kg/s .m 

Well Spacing 1000 m 

I n i t i a l  Temperature 240 OC 

I n i t i a l  Liquid Sa tu ra t ion  0.75 

Table 2. COMPARISON OF EXPLOITATION STRATEGIES 

TOTAL ENERGY FLUID ENERGY FLUID MASS 

( 1d3~ I ( IOI~J I ( 106kg 1 
DESCRIPTION 

INITIAL STATE 
( 240'1: 1 

57.4 2.6 27.0 

ROCK AT 180'C 40.8 0.0 0.0 

33.2yrs production 
no injection 50.1 0.2 0.8 

39.7yrs production 
100 '10 inject ion 49.1 2.2 27.0 

49.6yrs production 
200% injection 47.5 4.9 66.1 

57.3yrs production 

for 26.9yrs 

300% injection 45.6 3.3 45.3 
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Figure 4 .  Pressure  d e c l i n e  i n  t h e  product ion block f o r  a 
A - no i n j e c t i o n ,  liquid-dominated r e s e r v o i r .  

B - 50% i n j e c t i o n ,  C - 100% i n j e c t i o n  a f t e r  s i x  
yea r s ,  D - 100% i n j e c t i o n .  
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Figure 6. Pressure decline in the production block for the 
liquid-dominated reservoir with high permeability. 
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IS G E O T H E R U  SIMULATION A "CATASTROPHE"? 

V.V. Nguyen and George F. Pinder 
Princeton University 

INTRODUCTION 

All numerical simulators of geothermal reservoirs depend upon an accurate 
representation of the thermodynamics of steam-water systems. These relationships 
are required to render tractable the system of balance equations derived from the 
physics of flow through porous media. While it is generally recognized that the 
steam-water system (Le. two phase) is not in thermodynamic equilibrium, equihbrium 
thermodynamics are employed in its description. In this paper, we .present an 
alternative view based on non-equilibrium thermodynamics. The underpinnings of this 
approach are found in a branch of topology generally referred to as "catastrophe 
theory". CThom, 19753 

THERMODYNAMICS 

Consider the thermodynamic relationships presented in figure 1. Generally 
available theory dictates the use of the curve (A-B-D-F-G) in desribing the change 
in density encountered in moving from the single-phase water region (A-B) through 
the two phase region (B-D-F) to the single phase steam region (F-G). Thus, there is 
one pressure and temperature for the steam-water mixture irrespective of its 
liquid-gas composition. This is the curve (A-B-D-F-G) that is now employed in all 
geothermal simulators known to the authors. Note that the "kinks" encountered a t  
points B and F lead to discontinuous derivatives with respect to the thermodynamic 
variables; this, in turn, generates serious numerical problems. 

With the recognition that "metastable" water and steam states could, and indeed 
do, exist in the two-phase region, attention focused on the use of V a n  der Waals' 
equation t o  describe the thermodynamics of the two phase region. This curve 
(A-B-C-D-E-F-G) indicates that metastable water can exist along (B-C) and metastable 
steam along (E-F). The curve (C-D-E) does not correspond to a stable or even 
metastable state and is never observed. While these curves are of theoretical 
interest they do not, in and of themselves, enhance our understanding of the 
non-equilibrium two-phase region because the dynamics of the system are lacking. 

CATASTROPHE SURFACES 

The dynamics of the two-phase region can be uncovered using catastrophe theory. 
While the mathematical foundations of catastrophe theory are rather abstract, the 
practical ramifications are easily understood. The catastrophe surface representing 
the V a n  der Waals' equation for the steam-water system is presented in figure 2. I t  
is simply the three-dimensional representation of the information presented in 
figure 1; temperature has been added as a third coordinate. In the nomenclature of 
catastrophe theory this surface is referred to as the "slow manifold". 

The information presented in figures 1 and 2 is combined in figure 3. The letter 
nomenclature is the same as that appearing in figure 1. The reader is encouraged a t  
this point to examine the three figures until the surface appearing in figure 2 is 
evident in figure 3. I t  is this figure that will guide us through the two phase 
region. 
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THERMODYNAMIC EVOLUTION 

We begin by identifying a location in thermodynamic space of figure 3 designated 
by the numeral 1. This represents the initial condition or state at a physical 
point in our geothermal simulator. In this instance the point is in the hot water 
region of the well documented Arihara experiment CArihara e t  al, 19761. A s  the 
numerical simulation of this experiment evolves through time the pressure decreases 
dramatically and the thermodynamic state of the point of observation evolves along 
the trajectory defined by the curve (1-2). A t  the point denoted by the numeral 2, a 
second phase begins to appear. According to the catastrophe theory concept a t  this 
point, the specific volume of the steam. phase is denoted by the thermodynamic state 
at point 4 and that of the water phase by the location 2. The trajectory continues 
along the line (2-3). During ths  interval of time the evolution of the specific 
volume of the water phase is described by the curve (2-3) and that of the steam 
phase by the curve (4-5). A t  the point 3, the thermodynamic trajectory describing 
the behavior at our observation point suddenly changes. Suddenly the state moves 
along the h e  (3-5) and only steam exists at this point in the system. Thereafter, 
the evolution of the state of the system at the observation point is described by 
the trajectory (5-6). 

While this description may appear quite straight-forward, it is certainly 
unorthodox. It  proposes an evolution in water and steam densities within the 
two-phase region whereas current thinking assumes the steam and water densities do 
not change within the two phase region and are described by the two points 2 and 5 
respectively as when the two fluids are maintained at equilibrium. The difference 
in our approach arises from our intention to model behavior in the two-phase region 
when the fluids are not in equilibrium. Our approach also requires the existence of 
different pressures for water and steam within the two-phase region. In other 
words, the pressure of the steam associated with the point 4 is quite different than 
that of the water described by point 2 although these thermodynamic states would 
coexist in the proposed thermodynamic model. The existence of a higher pressure in 
the steam phase than the water phase is apparent to anyone who has watched a pan of 
boiling water. Because the steam forms a bubble, it must have a higher pressure 
than the surrounding water. 

PRACTICAL SIGNIFICANCE 

Let us now investigate the practical ramifications of the above theoretical 
argument. Figure 4 presents saturation profiles computed for the Arihara experiment 
using the standard approach and the methodology founded on Van der Waals' equation 
and catastrophe theory. While the solutions are similar in shape, they are quite 
different in magnitude.. Unfortunately, because the exact solution is unknown we 
cannot determine unequivocally which solution is more accurate. 

A second more subtle difference in the two approaches involves the numerical 
treatment of the phase change. Because there is no sudden discontinuity in the 
derivatives of the thermodynamic variables when one crosses the two-phase boundary, 
the non-linear aspects of the problem are less troublesome. Early test runs suggest 
an order of magnitude larger bme steps can be accommodated with the new approach as 
compared to the same simulator formulated using the standard equfibrium 
thermodynamic methodology. 
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CONCLUSIONS 

Geothermal simulation whch accounts for the non-equilibrium thermodynamic nature 
of the steam-water system generates saturation profiles similar to but distinctly 
different from those obtained using standard methodology. The approach is 
intuitively simple, mathematically rigorous, and gives rise t o  a system of algebraic 
equations more amenable t o  solution than those generally encountered in alternative 
formulations. 
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INFLUENCE OF STEAM/WATER RELATIVE PERMEABILITY MODELS ON PREDICTED 
GEOTHERMAL RESERVOIR PERFORMANCE: A SENSITIVITY STUDY 

Danie l  C. Reda and Roger R. Eaton 
Sandia  N a t i o n a l  L a b o r a t o r i e s  

Albuquerque, New Mexico 

INTRODUCTION /STATEMENT OF THE PROBLEM 

The concept  of r e l a t i v e  p e r m e a b i l i t i e s  r e p r e s e n t s  a n  a t t e m p t  t o  e x t e n d  
Darcy ' s  Law f o r  s ing le-phase  f lows  through porous media t o  t h e  two-phase 
f l o w  regime. '  
t h e  macroscopic  p r e s s u r e  g r a d i e n t  imposed on t h e  f low through t h e  r e l a t i v e  
p e r m e a b i l i t y  parameters  kL ( f o r  t h e  l i q u i d  phase)  and  kG ( f o r  t h e  "gas" o r  
vapor phase) ,  expressed  as f r a c t i o n s  of t h e  b u l k  p e r m e a b i l i t y  ( k )  of t h e  
medium t o  a l l - l i q u i d  flow. Accurate "models" f o r  kL and kG as f u n c t i o n s  
of some independent  f l o w  v a r i a b l e  ( h i s t o r i c a l l y  l i q u i d  s a t u r a t i o n )  are  r e q u i r -  
ed i f  one i s  t o  s o l v e  t h e  complex two-phase f l o w  problems a s s o c i a t e d  w i t h  
geothermal  energy  e x t r a c t i o n ,  n u c l e a r  waste i s o l a t i o n ,  enhanced o i l  r e c o v e r y  
and o t h e r s .  

I n  t h i s  regime,  t h e  f l o w r a t e  of each  phase i s  r e l a t e d  t o  

F i g u r e  1 shows a schemat ic  of a g e n e r a l i z e d  r e l a t i v e  p e r m e a b i l i t y  
model (RPM) which i n c o r p o r a t e s  a l l  of the  features ( " l i m i t s " )  p o t e n t i a l l y  
encountered  f o r  a two-phase, l i q u i d /  vapor ,  f l o w  through a porous medium. 
Here s i s  l i q u i d  s a t u r a t i o n ,  d e f i n e d  as  t h e  f r a c t i o n  of t h e  pore  volume 
occupied  by l i q u i d ;  f ,  t h e  dynamic q u a l i t y  of  t h e  f low,  d e f i n e d  as t h e  f r a c -  
t i o n  of t h e  t o t a l  mass f l o w r a t e  a t t r i b u t e d  t o  t h e  vapor phase ,  (WG/W +WG); 

p r e s s u r e  ( p ) .  The f o u r  s a t u r a t i o n  l i m i t s  of i n t e r e s t ,  and t h e i r  correspond-  
i n g  f l o w  r e g i m e s ,  are  d e f i n e d  below: 

k ' ,  t h e  bulk  p e r m e a b i l i t y  of t h e  medium t o  a l l -vapor  f low a t  a s p e c i  k i e d  

A. s ( f - 0 )  i s  t h e  s a t u r a t i o n  a t  which f g o e s  t o  zero .  Thus, f o r  s?s ( f+O) ,  

B. Thus, f o r  s?s (kL+k) ,  

C. s ( f - 1 )  i s  t h e  s a t u r a t i o n  a t  & i c h  f g o e s  t o  u n i t y .  Thus, f o r  s i s ( f + l ) ,  

D. 

t h e  vapor phase does n o t  f low,  i .e . ,  i t  i s  " t rapped"  (WG=O). 
s (kL+k)  i s  t h e  s a t u r a t i o n  a t  which kL goes  t o  k. 
t h e  t r a p p e d  vapor phase no lo,nger i n f l u e n c e s  t h e  f l o w  of t h e  l i q u i d  phase.  

t h e  l i q u i d  phase does n o t  f low,  i .e . ,  i t  i s  " t rapped"  (WL=O). 
s(kG-k ' )  i s  t h e  s a t u r a t i o n  a t  which kG goes t o  k ' .  
t h e  t r a p p e d  l i q u i d  phase no l o n g e r  i n f l u e n c e s  t h e  f l o w  of t h e  vapor phase.  

Thus, f o r  s c s ( k G + k ' ) ,  

The o c c u r r e n c e  of t r a p p e d  p h a s e s  i s  g e n e r a l l y  a t t r i b u t e d  t o  c a p i l l a r y  
e f f e c t s .  For c e r t a i n  g e o l o g i c  materials, t h e  s a t u r a t i o n  regime i n  which 
a t r a p p e d  phase can  e x i s t  may b e  q u i t e  e x t e n s i v e  (e.g. ,  Fig.  2-5 of C o l l i n s  2 
p r e s e n t s  d a t a  f o r  s a n d s t o n e  c o r e s  i n d i c a t i n g  p o t e n t i a l  v a l u e s  f3r g ( f - 1 )  
i n c r e a s i n g  from 0.2 t o  0.7 as k d e c r e a s e s  from 10 -12 m2 t o  10- 
Should a t r a p p e d  phase i n i t i a l l y  r e s i d e  s o l e l y  w i t h i n  t h e  non- in te rconnec ted  
r e g i o n s  of t h e  pore  s p a c e ,  i t  would n o t  be expec ted  t o  i n f l u e n c e  t h e  f l o w  
of  t h e  o t h e r  phase. However, as t h e  volume p e r c e n t  of a t r a p p e d  phase  
i n c r e a s e s ,  i t  may a l s o  b e g i n  t o  r e s i d e  i n  p o r t i o n s  of t h e  i n t e r c o n n e c t e d  
f low c h a n n e l s  w i t h i n  t h e  porous medium. A t  t h i s  p o i n t ,  t h e  t r a p p e d  phase 
would begin  t o  a d v e r s e l y  a f f e c t  t h e  f low o f  t h e  o t h e r  phase. For t h e s e  
r e a s o n s ,  r e s t r i c t i o n s  must be imposed on t h e  above-noted l i m i t s :  

m 1. 
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s ( k G + k ' ) r  s ( f + l )  and s(kL+k) 2:s(f-0) 

F u r t h e r ,  s i n c e  t h e  vapor phase i s  a " g a s , "  k'>k due t o  molecular  e f f e c t s ,  
w i t h  k '  approaching  k "from above" o n l y  as  p r e s s u r e  becomes i n f i n i t e .  It 
c a n  be s e e n ,  t h e r e f o r e ,  t h a t  t h e  f u n c t i o n s  kL(s )  and kG(s)  depend on t h e  
" p h y s i c a l  p r o p e r t i e s "  of b o t h  t h e  working f l u i d  and t h e  porous medium. 
Hence, no  u n i v e r s a l  c o r r e l a t i o n  f o r  t h e s e  f u n c t i o n s  c a n  e x i s t .  Such models 
must b e  determined exper i m e n t a l l y  f o r  each  fluid/medium combinat ion of i n t e r e s t .  

A s t a t e - o f - t h e - a r t  comp ter code c u r r e n t l y  u t i l i z e d  t o  p r e d i c t  geothermal  s r e s e r v o i r  performa ce (SHAFT ) i n c o r p o r a t e s  a RPM based on t h e  o i l / g a s  d a t a  
a n a l y s i s  of Corey.' I n  i t s  c u r r e n t  form, t h i s  model a l l o w s  t r a p p e d  phases  
t o  e x i s t ,  b u t  does  n o t  a l l o w  f o r  e i t h e r  t rapped  phase t o  i n f l u e n c e  t h e  f l o w  
of t h e  o t h e r  phase.  Two s a t u r a t i o n  v a l u e s  are i n p u t ,  s (kG+k) and s(kL+k).  
However, t h e  e q u a t i o n s  used t o  d e s c r i b e  kL(s )  and kG(s )  i n  t h i s  model 
possessasymptot ic  l i m i t s  which r e q u i r e  s ( f + l )  t o  be i d e n t i c a l  t o  t h e  i n p u t  
v a l u e  f o r  S(kG+k) and s ( f+O)  t o  be i d e n t i c a l  t o  t h e  i n p u t  v a l u e  f o r  s(kL+k).  
No dependence of kG on p i s  model led.  

The o b j e c t i v e  o t h e  p r e s e n t  e f f o r t  w a s  t o  conduct a s e n s i t i v i t y  s t u d y ,  
u s i n g  t h e  SHAFT code', t o  demonst ra te  t h e  i n f l u e n c e  of  v a r i o u s  RPMs on 
p r e d i c t e d  geothermal  r e s e r v o i r  performance. A b a s i c  model devised  t o  accompl ish  
t h i s  g o a l  was one which would a l l o w  each of t h e  four  noted  s a t u r a t i o n  l i m i t s  
t o  be s p e c i f i e d  ( i n p u t )  independent ly ;  kL(s )  and k G ( s )  were t h e n  modeled 
as  having a l i n e a r  dependence on s between t h e s e  s p e c i f i e d  l i m i t s .  A s  w i t h  
t h e  Corey model, k' w a s  s e t  e q u a l  t o  k. 

S i n c e  t h e  pr imary o b j e c t i v e  w a s  t o  i n v e s t i g a t e  a broad spectrum of  
p o s s i b l e  " s a t u r a t i o n  l i m i t "  combinat ions,  t h e r e b y  r e q u i r i n g  a r e l a t i v e l y  
l a r g e  number of coiuputer r u n s ,  a one-dimensional probleril was chosen f o r  
s t u d y  (F ig .  2) .  
= 10.4 b a r s  and T1 = 180°C was connected t o  a permeable s t r a t u m  i n i t i a l l y  
a t  t h e  same p r e s s u r e  and tempera ture .  The s t r a t u m  w a s  assumed t o  be bounded 
above and below by l a y e r s  of impermeable rock.  Heat conduct ion  from t h e s e  
l a y e r s  t o  t h e  stratum was n e g l e c t e d .  A t  t i m e  ( t )  z e r o ,  a wel l -bore w a s  
"joined" t o  t h e  stratum, i .e . ,  a boundary condition of p2 = 1.06 bars w a s  
s p e c i f i e d  a t  t h e  stratum e x i t .  The t r a n s i e n t  problem was t h e n  s o l v e d  f o r  
p ( x , t ) ,  T ( x , t )  and s ( x , t )  u n t i l  a s t e a d y - s t a t e  s o l u t i o n  w a s  achieved.  I n  
a l l  cases, a s h o r t  r e g i o n  of l i q u i d  water f low,  fo l lowed by a n  extended 
r e g i o n  of two-phase, steam/water , f low w a s  p r e d i c t e d  t o  occur .  Reservoi r  
"performance" o r  "output"  was q u a n t i f i e d  by t h e  product  of t h e  t o t a l ,  
s t e a d y - s t a t e ,  mass f l u x  (W) and t h e  m i x t u r e  e n t h a l p y  ( H )  a t  t h e  s t r a t u m  
e x i t  ( i . e . ,  i n t o  t h e  w e l l ) .  
(WH) were non-dimensionalized by t h e  product  (WHREF) p r e d i c t e d  t o  occur 
a t  t h e  same l o c a t i o n  f o r  a " r e f e r e n c e  case" RPM. The r e f e r e n c e  case u t i l i z e d  
i n  t h e  p r e s e n t  s t u d y  i s  one which possessed  no t rapped  phases ,  w h i l e  s t i l l  
m a i n t a i n i n g  t h e  s t a t e d  l i n e a r  dependence of < and kG on s. 

An i n f i n i t e  porous r e s e r v o i r  c o n t a i n i n g  l i q u i d  water a t  p1 

A l l  such  s t e a d y - s t a t e  c o n v e c t i v e  energy  fluxes 

C o n s i s t e n t  w i t h  t h e  scope of t h e  p r e s e n t  i n v e s t i g a t i o n ,  i t  w a s  f i r s t  
n e c e s s a r y  t o  d e f i n e  a n  a b s o l u t e  p e r m e a b i l i t y  f o r  t h e  stratum which would 
meet t h e  f o l l o w i n g  two c r i t e r i o n :  "low enough" t o  be r e p r e s e n t a t i v e  of 
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c o n s o l i d a t e d  g e o l o g i c  materials, i .e.,  t h o s e  c a p a b l e  of " t r a p p i n g  p h a s e s , "  
and "h igh  enough" t o  e n s u r e  t h a t  t h e  problem r e n a i n e d  c o n v e c t i o n  dominated. 

The reser o i r  pr l e m  w a s  f i r s t  s o l v e d  w i t h  k as  t h e  primary independent  

R e s u l t s  showed 
v a r i a b l e  ( lO-l'Sk510 -" m2>, i n c o r p o r a t i n g  s e v e r a l  r e p r e s e n t a t i v e  
kL(s)  , k G ( s )  models u t i l i z e d  i n  t h e  s e n s i t i v i t y  s t u d y  i t s e l f .  
non-dimensionalized r e s e r v o i r  o u t p u t  t o  be i n s e n s i t i v e  t o  k ,  and er y t r a n s f e r  
a l o n g  t h e  stratum t o  remain  c o n v e c t i o n  dominated, f o r  a l l  kZZ2.10 
F a c t o r i n g  i n  t h e  " t r a p p i n g  e f f e c t i v e n e s s "  d a t a  r e p o r t e d  by C o l l i n s , '  and t h e  
t r a d e o f f  between p e r m e a b i l i t y  and computer r u n  t i m e ,  a f i n a l  c h o i c e  f o r  k ,  of 

-fZ ,s 

m2, was made. 

D e t a i l e d  s c r u t i n y  of  t h e s e  s o l u t i o n s  l e d  t o  t h e  d i s c o v e r y  of some f e a t u r e s  
which, a t  f i r s t ,  were p u z z l i n g ,  b u t ,  i n  t h e  f i n a l  a n a l y s i s ,  were shown t o  b e  
e n t i r e l y  c o n s i s t e n t  w i t h  t h e  p h y s i c s  i n c l u d e d  i n  t h e  a n a l y s i s  and t h e  boundary 
c o n d i t i o n s  imposed upon it. I n  summary, p r e d i c t e d  s t e a d y - s t a t e  s a t u r a t i o n  
d i s t r i b u t i o n s ,  - f o r  convection-dominated f lows ,  were found t o  c o n t a i n  " d i s c o n t i -  
n u i t i e s , "  o r  "zones of  e x c l u s i o n , "  from u n i t y  t o  s ( f - 0 )  and from s(f-1) t o  
zero.  P r e d i c t e d  p ( x > ,  T(x)  and f ( x )  d i s t r i b u t i o n s  were found,  however, t o  be 
c o n t i n u o u s  and  "smooth." What t h i s  s a y s  i s  t h a t ,  i n  t h e  s t e a d y - s t a t e  l i m i t ,  no 
p h y s i c a l  r e g i o n s  w i t h i n  t h e  stratum were p r e d i c t e d  t o  c o n t a i n  a t r a p p e d  phase. 
However, under t r a n s i e n t  c o n d i t i o n s ,  and under c o n d i t i o n s  where conduct ion  e f f e c t s  
w e r e  n o n - n e g l i g i b l e ,  p h y s i c a l  r e g i o n s  c o n t a i n i n g  t r a p p e d  phases w e r e  p r e d i c t e d  
t o  exist. The mathematical  e x p l a n a t i o n  f o r  t h e s e  s o l u t i o n s  i s  reviewed below. 

I n  t h e  s t e a d y - s t a t e  l i m i t ,  t h e  c o n t i n u i t y  e q u a t i o n  r e d u c e s  t o  W=TJL+WG = 
c o n s t a n t .  S i m i l a r l y ,  t h e  energy  e q u a t i o n  r e d u c e s  t o  WLHL+WGHG + Q = c o n s t a n t ,  
where Q i s  t h e  a x i a l  c o n d u c t i v e  h e a t  f l u x  a t  any s t a t i o n  a l o n g  t h e  stratum. 
Darcy 's  Law ( t h e  momentum e q u a t i o n )  f o r  each phase r e q u i r e s  t h a t  lJLaKL (dp/dx)  
and  WfkG (dp/dx).  Within a f i n i t e  s reg ime ( s ( f + O ) S s < l )  l e t  kG be se t  
e q u a l  t o  zero.  
e q u a t i o n  d i c t a t e s  t h a t  W=WL = c o n s t a n t > O ,  and  t h e  energy  e q u a t i o n ,  f o r  
convection-dominated f lows  (WLHL+WGHG>>Q), d i c t a t e s  t h a t  WLHL = c o n s t a n t .  
A combina t ion  of t h e s e  l a t t e r  two results t h u s  r e q u i r e s  HL = c o n s t a n t .  
a two-phase m i x t u r e  of water and steam i n  e q u i l i b r i u m ,  i f  HL = c o n s t a n t ,  
t h e n  p and T must a l s o  be c o n s t a n t ,  hence (dp/dx) must be zero.  
matical i n c o n s i s t e n c y  t h e n  arises, s i n c e ,  f o r  (dp/dx)  = 0 ,  WL must a l s o  
be z e r o ,  c o n t r a r y  t o  t h e  c o n t i n u i t y  requi rement .  T h e r e f o r e ,  no computa- 
t i o n a l  s o l u t i o n s  can  exist i n  t h e  "zones of e x c l u s i o n . "  

The momentum e q u a t i o n  t h e n  d i c t a t e s  t h a t  WG=O, t h e  c o n t i n u i t y  

For 

A mathe- 

S y s t e m a t i c  v a r i a t i o n s  of t h e  f o u r  independent  s a t u r a t i o n  l i m i t s  d e f i n e d  
above were e q u i v a l e n t ,  t h e r e f o r e ,  t o  s y s t e m a t i c  v a r i a t i o n s  i n  t h e  f o l l o w i n g  
q u a n t i t i e s :  (a) t h e  e x t e n t  of t h e  s a t u r a t i o n  regime w i t h i n  which s t e a d y - s t a t e  
two-phase f l o w  s o l u t i o n s  c o u l d  be a c h i e v e d ,  (b; t h e  maximum v a l u e s  of kL and 
kG a t  t h e  boundar ies  of  t h i s  s a t u r a t i o n  reg ime,  and  (c) t h e  s l o p e s  of t h e  k t ( s )  
and k G ( s )  c u r v e s  w i t h i n  t h i s  regime. As n o t e d ,  even though no p h y s i c a l  r e g i o n s  
w i t h i n  t h e  stratum were p r e d i c t e d  t o  c o n t a i n  a t rapped  phase ,  " i n t e r a c t i o n s "  
between " i n c i p i e n t  t r a p p e d "  and f lowing  phases  could  s t i l l  b e  "s imula ted"  
through items ( a )  and ( b )  above. 
kL c o u l d  b e  " s p e c i f i e d "  as b e i n g  less t h a n  one; a l t e r n a t i v e l y ,  when kL approached 
z e r o ,  kG c o u l d  b e  " forced"  t o  approach  a v a l u e  less t h a n  one. 

Simply p u t ,  when kG f i r s t  exceeded z e r o ,  
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I n  a n  a t t e m p t  t o  p r e s e n t  r e s u l t s  of t h i s  s e n s i t i v i t y  s t u d y  i n  a c o n c i s e  
manner, two d i s t i n c t  c o r r e l a t i n g  parameters  were in t roduced .  The f i r s t  of t h e s e  
w a s  6, d e f i n e d  as t h e  r a t i o  of t h e  a b s o l u t e  v a l u e s  of t h e  s l o p e s  f o r  t h e  kL(s)  
and kG(s )  curves :  

1 Ak/As IG S(kL+k) - ~ ( f - t l )  

P f --; Ak/A = [ s ( f + O )  - s(kG+k) ] $1 
T h i s  parameter  i s  a measure of t h e  i n c r e m e n t a l  change i n  t h e  mass f l o w r a t e  r a t i o ,  
AWG/AW,, f o r  a n  i n c r e m e n t a l  change i n  s. 
shown i n  F i g u r e  3.  

R e s u l t s  p l o t t e d  as a f u n c t i o n  of 6 are 

For t h o s e  cases where o n l y  a s i n g l e  t r a p p e d  phase regime w a s  s p e c i f i e d  i n  
t h e  RPM, r e s e r v o i r  performance was s e e n  t o  depend s o l e l y  on B . A t  6=1,  a l i m i t  
common t o  b o t h  "branches"  i n  t h i s  p l o t ,  r e s e r v o i r  o u t p u t  w a s  s e e n  t o  be i d e n t i c a l  
t o  t h a t  p r e d i c t e d  f o r  t h e  r e f e r e n c e  c a s e  model. It  may be concluded ,  t h e r e f o r e ,  
t h a t  s p e c i f y i n g  trapped-phase reg imes  wi thout  a l l o w i n g  f o r  " i n t e r a c t i o n "  between 
t h e  t r a p p e d  and f lowing  phases  h a s  no n e t  i n f l u e n c e  on p r e d i c t e d  r e s e r v o i r  p e r f o r -  
mance. A s  6 approached b o t h  z e r o  ( t r a p p e d  l i q u i d  f o r  a l l  s) and i n f i n i t y  ( t r a p p e d  
vapor f o r  a l l  s )  , r e s e r v o i r  o u t p u t  monotonica l ly  approached z e r o ,  c o n s i s t e n t  
w i t h  mathemat ica l  arguments  a l r e a d y  d i s c u s s e d .  Concerning " s e n s i t i v i t y , "  f o r  
"single-trapped-phase' '  RPMs, a '50% change i n  6 about  1 r e s u l t e d  i n  - 2 0  t o  25% 
r e d u c t i o n s  i n  p r e d i c t e d  r e s e r v o i r  o u t p u t .  T h i s  c o r r e l a t i n g  approach proved 
u n s a t i s f a c t o r y ,  however, s i n c e  c a l c u l a t i o n s  u s i n g  "two-trapped-phase'' RPMs y i e l d e d  
r e s u l t s  which f e l l  everywhere below t h e  two "envelope curves"  j u s t  d i s c u s s e d .  

A more s u c c e s s f u l  c o r r e l a t i o n  r e s u l t e d  wi th  t h e  i n t r o d u c t i o n  of r: - 
s ( f + 0 )  - s(f+l) 
s(kL+k) - s(kG+k) 

T h i s  parameter  i s  a r a t i o  of " s a t u r a t i o n  regimes":  t h e  numerator i s  t h e  e x t e n t  
of t h e  t o t a l  s a t u r a t i o n  regime f o r  which s t e a d y - s t a t e  s o l u t i o n s  c a n  be o b t a i n e d ;  
t h e  denominator i s  t h e  maximum e x t e n t  of t h e  t o t a l  s a t u r a t i o n  regime i n  which 
t h e  two phases  e x h i b i t  " interdependence."  A s  such ,  t h i s  parameter  i s  a "measure" 
of  a l l  t h r e e  q u a n t i t i e s  i n  t h e  b a s i c  RPM s u b j e c t  t o  s y s t e m a t i c  v a r i a t i o n s  ( r eca l l  
p r e v i o u s  d i s c u s s i o n s ) .  R e s u l t s  p l o t t e d  as  a f u n c t i o n  of r are shown i n  Fig.  4. 

Once a g a i n ,  two d i s c r e t e  "envelope curves"  were found t o  e x i s t ,  one f o r  
e a c h  "single-trapped-phase' '  RPM. However, i n  t h e s e  c o o r d i n a t e s ,  t h e  two c u r v e s  
were n e a r l y  i d e n t i c a l ,  w i t h  a l l  p r e d i c t i o n s  f o r  t h e  more g e n e r a l  "two-trapped-phase'' 
RPMs f a l l i n g  between them. I n  t h e  l i m i t  of  r=1, t r a p p e d  phases  are i n c l u d e d  i n  
t h e  RPM, b u t  each t r a p p e d  phase i s  n o t  a l lowed t o  i n f l u e n c e  t h e  f l o w  of  t h e  o t h e r  
phase. A s  no ted  earlier f o r  such  cases, r e s e r v o i r  o u t p u t  was found t o  b e  i d e n t i -  
cal  t o  t h a t  p r e d i c t e d  f o r  t h e  r e f e r e n c e  case RPM. I n  t h e  l i m i t  of r+O, no 
s t e a d y - s t a t e  s o l u t i o n s  are p o s s i b l e ,  hence o u t p u t  approaches  zero.  Concerning 
" s e n s i t i v i t y , "  a +50% i n c r e a s e  i n  I? r e s u l t e d  i n  a 2 2 5  t o  35% r e d u c t i o n  i n  pre- 
d i c t e d  r e s e r v o i r  performance. 
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I n  c los ing ,  i t  should be noted t h a t  r equals  one f o r  - a l l  v a r i a t i o n s  
of t h e  modified-Corey RPM. Consequently, a l l  p red ic t ions  of r e s e r v o i r  
performance made u t i l i z i n g  t h i s  RPM were found t o  be i n s e n s i t i v e  t o  v a r i a t i o n s  
i n  t h e  two s p e c i f i e d  ( i n p u t )  s a t u r a t i o n  l i m i t s .  
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THE SENSITIVITY OF GEOTHERMAL RESERVOIR BEHAVIOR 
TO RELATIVE PERMEABILITY PAFWETERS 

Gudmundur S. Bodvarsson, Michael J. O 'Sul l ivan ,  and Chin Fu Tsang 
Ea r th  Sc iences  Div i s ion ,  Lawrence Berkeley 

Laboratory,  Un ive r s i ty  of C a l i f o r n i a  

INTRODUCTION 

I n  two-phase f l o w  through a porous mater ia l ,  t h e  movement 
of each  i n d i v i d u a l  phase i s  r e t a r d e d  by t h e  presence of t h e  
o t h e r ;  t h e  degree  of i n t e r f e r e n c e  depending, among o t h e r  t h ings ,  
on t h e  volumetr ic  p ropor t ion  of t he  two phases.  This  phenomenon 
i s  expressed mathemat ica l ly  by t h e  s a t u r a t i o n  dependent re la t ive  
pe rmeab i l i t y  f u n c t i o n s  k r l  and krV, f o r  t he  l i q u i d  and vapor 
phases  r e s p e c t i v e l y .  Because the  two phases  move d i f f e r e n t i a l l y  
(weighted by t h e  r e l a t ive  pe rmeab i l i t y  f u n c t i o n s )  t h e  mixture  
behaves l i k e  a f l u i d  wi th  a saturat ion-dependent  " e f f e c t i v e "  o r  
t o t a l  kinematic  v i s c o s i t y  ut g iven  by: 

k r l  + - krv  - -  _ -  1 
V 

1 V 
V V 
t 

where and Vv a re  the  kinematic  v i s c o s i t i e s  of t h e  l i q u i d  and 
vapor phases  r e s p e c t i v e l y .  S i m i l a r l y ,  t h e  en tha lpy  t r anspor t ed  
by t h e  mix tu re  depends on t h e  r e l a t i v e  p e r m e a b i l i t i y  f u n c t i o n s  and 
i s  d i f f e r e n t  from t h e  in-place enthalpy.  This  "flowing" en tha lpy  
hf i s  g iven  by: 

where h i  and hv are the  l i q u i d  and vapor e n t h a l p i e s  r e s p e c t i v e l y .  

The movement of mass and energy i n  a geothermal  r e s e r v o i r  
i s  ve ry  s t r o n g l y  in f luenced  by t h e  magnitude of t h e  t o t a l  kinematic  
v i s c o s i t y  and t h e  f lowing en tha lpy ,  which i n  t u r n  obvious ly  
depend on t h e  n a t u r e  of t h e  r e l a t i v e  pe rmeab i l i t y  f u n c t i o n s  
( equa t ions  1 and 2 ) .  Unfor tuna te ly  t h e  f u n c t i o n a l  forms of k r l  
and krv i n  terms of l i q u i d  s a t u r a t i o n  S1 are  not  p r e s e n t l y  
known and are v e r y  d i f f i c u l t  to  deduce from l a b o r a t o r y  exper- 
iments  o r  f i e l d  da ta .  Var ious  pre l iminary  c u r v e s  have been 
assumed and used by a number of modelers.  

In  the  p re sen t  work t h r e e  problems are cons idered;  (1) t h e  
s e n s i t i v i t y  of V t  and hf t o  v a r i a t i o n s  i n  the  r e l a t i v e  
pe rmeab i l i t y  f u n c t i o n s ;  ( 2 )  t h e  de t e rmina t ion  of V t  and hf 
from well-test d a t a ,  fo l lowing  which a method of is suggested 
t o  use these  r e s u l t s  t oge the r  w i t h  t h e o r e t i c a l  p l o t s  of k,l and 
krv versus  hf t o  deduce t h e  g e n e r a l  shape of t h e  r e l a t i v e  
pe rmeab i l i t y  f u n c t i o n s  i s  suggested;  and ( 3 )  t h e  e f f e c t  of t h e  
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r e l a t i v e  pe rmeab i l i t y  func t ions  on the  p re s su re  d e c l i n e  and 
f lowing  en tha lpy  build-up du r ing  a cons t an t  r a t e  product ion test. 
It i s  shown that the  c h a r a c t e r i s t i c  rise i n  the flowing en tha lpy  
from i t s  i n i t i a l  value t o  a s t a b l e  va lue  a f t e r  a moderate t i m e  i s  
s t r o n g l y  in f luenced  by t h e  dependence of hf on S1 (and hence kr- 
and krv on S i ) .  

PREVIOUS WORK 

Various i n v e s t i g a t o r s  have s tudied  t h e  r e l a t i v e  permeabi l i ty  
func t ions .  Experimental  work t o  determine the  r e l a t i v e  permeabi l i ty  
curves  has been r epor t ed ,  among o t h e r s ,  by Corey (1954),  Chen e t  a l . ,  
(1978),  and Counsil  and Ramey (1979). Grant (1977) and Horne and 
Ramey (1978) used f lowra te  and en tha lpy  d a t a  from t h e  Wairakei 
geothermal f i e l d  i n  New Zealand t o  ob ta in  information about the  
r e l a t i v e  permeabi l ty  parameters.  Numerical modeling s t u d i e s  of 
t h e  s e n s i t i v i t y  of  r e s e r v o i r  behavior t o  r e l a t i v e  permeabi l i ty  
curves  have been repor ted  by Jonsson (19781, Sun and Ershaghi 
(1979) and Bodvarsson e t  al . ,  (1980). F i n a l l y ,  Sorey e t  a l . ,  (1980) 
i l l u s t r a t e d  e f f e c t s  of t he  r e l a t i v e  p e r m e a b i l i t i e s  on the  p re s su re  
drop  and en tha lpy  v a r i a t i o n s  dur ing  product ion  from a s i n g l e  w e l l  
by cons ide r ing  r e l a t i v e  permeabi l i ty  cu rves  suggested by Corey 
(1954) and Grant (1977). 

SENSITIVITY STUDY 

Various r e l a t i v e  permeabi l i ty  cu rves  f o r  steam and l i q u i d  
water  have been proposed i n  the  l i t e r a t u r e  (Corey, 1954; 
Chen e t  al . ,  1978; Horne and Ramey, 1978; and Counsil and 
Ramey, 1979). However, s i n c e  the  suggested curves va ry  widely,  
t h e  choice  of r e l a t i v e  permeabi l i ty  curves  t o  be used i n  s t u d i e s  
of geothermal s y s t e m s  is  r a t h e r  a r b i t r a r y .  Therefore a t  t h i s  
s t a g e  i t  i s  important  t o  determine which c h a r a c t e r i s t i c s  of t he  
r e l a t i v e  pe rmeab i l i t y  curves  are s i g n i f i c a n t .  

In  the  present  s tudy a t t e n t i o n  i s  mainly confined t o  e i t h e r  
Corey type  curves o r  s t r a i g h t  l i n e  curves ( s e e  F igure  1). The 
most important  c h a r a c t e r i s t i c s  of t hese  curves are the  "cu to f f s "  
where steam o r  water becomes e i t h e r  f u l l y  mobile or immobile 
( f o u r  p o s s i b l e  c u t o f f s ) .  

We have conducted a s e n s i t i v i t y  s tudy  t o  determine the  
r e l a t i v e  importance of each of the  c u t o f f s .  The approach used i s  
q u i t e  simple; f o r  h o r i z o n t a l  f low (no g r a v i t y )  t he  r e l a t i v e  
pe rmeab i l i t y  cu rves  in f luence  r e s e r v o i r  behavior only through t h e  
f lowing en tha lpy ,  h f ,  and t h e  t o t a l  kinematic  v i s c o s i t y ,  ut. 
Therefore ,  by observ ing  t h e  e f f e c t  of t h e  i n d i v i d u a l  c u t o f f s  on 
t h e s e  q u a n t i t i e s ,  t h e i r  r e l a t i v e  importance can be determined. 
I n  t h i s  s e n s i t i v i t y  s tudy ,  f i v e  s t r a i g h t  l i n e  func t ions  are 
cons idered:  fou r  p o s s i b l e  curves  each having one 30% c u t o f f ,  and 
what w e  c a l l  t h e  "X" cu rves ,  which correspond t o  t h e  case  without  
any c u t o f f s  (broken l i n e s  i n  F igure  1 ) .  
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Figure  2 shows t h e  e f f e c t  of t h e  c u t o f f s  on t h e  flowing 
en tha lpy .  For comparison t h e  "X" r e l a t i v e  pe rmeab i l i t y  curve  i s  
shown as t h e  t h i c k  s o l i d  l i n e .  The f i g u r e  shows that when 
cons ide r ing  f lowing en tha lpy ,  t h e  immobile l i q u i d  c u t o f f  is  much 
more important  than  t h e  o t h e r  c u t o f f s .  

F igure  3 shows t h e  e f f e c t  of t h e  c u t o f f s  on t h e  t o t a l  
k inemat ic  v i s c o s i t y  (u t ) .  
r e l a t i v e  pe rmeab i l i t y  cu rves  are included f o r  comparison. I n  
t h i s  case, bo th  of t h e ' l i q u i d  water c u t o f f s  are cons iderably  
more important  than  t h e  vapor c u t o f f s .  However, i n  terms of t h e  
percentage  d e v i a t i o n  from t h e  "X" curve  ( t h e  t h i c k  s o l i d  l i n e ) ,  
t h e  immobile l i q u i d  water c u t o f f  i s  more s i g n i f i c a n t  than t h e  
f u l l y  mobile l i q u i d  water c u t o f f .  The vapor  c u t o f f s  aga in  
are not  ve ry  impor tan t .  S i m i l a r  conclus ions  r ega rd ing  t h e  
importance of t h e  c u t o f f s  are obta ined  by Sun and Ershagi  (19791, 
i n  cons ide r ing  t h e  hea t  ou tput  from a one-dimensional system. 

Again r e s u l t s  based on t h e  "X" 

WELL TEST DATA 

During w e l l  tes ts  i n  a two-phase r e s e r v o i r ,  t h e  downhole 
p r e s s u r e  fo l lows  a d e c l i n e  curve similar t o  t h a t  shown i n  F igu re  4 .  
The exac t  shape of the  curve v a r i e s  w i t h  r e s e r v o i r  cond i t ions  
but  i n  g e n e r a l  does not  fo l low a s t r a i g h t  l i n e  (Theis  cu rve )  
because t h e  m o b i l i t y  changes as t h e  s a t u r a t i o n  changes nea r  t h e  
w e l l .  Never the less ,  t h e  s lope  a t  any p o i n t  on t h e  d e c l i n e  curve 
can be used t o  c a l c u l a t e  t h e  m o b i l i t y  a t  t h e  corresponding 
p r e s s u r e  us ing  t h e  formula: 

(See Garg, 1978; Sorey e t  a l . ,  1980; o r  O 'Sul l ivan ,  1980.) The 
f lowing  en tha lpy  of t h e  produced f l u i d  t y p i c a l l y  fo l lows  a curve 
l i k e  t h a t  shown i n  F igu re  5 ,  r i s i n g  from a n  i n i t i a l  va lue  t o  a 
h ighe r  s t a b l e  v a l u e  a f t e r  a moderate t i m e .  Simultaneous measure- 
ments of  p r e s s u r e  and f lowing  en tha lpy  thus  enable  t h e  de te rmina t ion  
of ut and hf provided kH i s  known (e.g. ,  from a n  i n j e c t i o n  
test). 

Using equa t ions  (1) and ( 2 ) ,  krv  and kr- can then be c a l c u l a t e d .  
By making t h e s e  c a l c u l a t i o n s  f o r  a number of v a l u e s  of f lowing 
en tha lpy  ( e i t h e r  a t  d i f f e r e n t  times d u r i n g  t h e  test or by us ing  
d i f f e r e n t  product ion  r a t e s ) ,  p l o t s  of krv and k r l  ve r sus  hf 
can be obta ined .  However, because t h e  corresponding l i q u i d  
s a t u r a t i o n  S1 i s  n o t  known and cannot be measured s a t i s f a c t o r i l y ,  
t h e  r e l a t i v e  pe rmeab i l i t y  cu rves  cannot  be obta ined  i n  terms of 
t h e  s a t u r a t i o n .  

RELATIVE PE RME ABIL I TIES VERSUS FLOW I NG ENTHALPY 

Although convent iona l  r e l a t i v e  pe rmeab i l i t y  cu rves  cannot  
be obta ined  from f i e l d  d a t a ,  t h e  p l o t s  of kr- and krv  ve r sus  
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hf are u s e f u l .  
curves  and Corey curves  (F igure  1) are shown i n  F igures  6 
and 7. 

Theore t i ca l  p l o t s  of t h i s  type f o r  the  "X" 

A t  p re sen t  t he  Corey r e l a t i v e  pe rmeab i l i t y  cu rves  are 
most widely used i n  r e s e r v o i r  numerical  modeling. The curves ,  
i l l u s t r a t e d  i n  F igure  1, i n d i c a t e  that under two-phase cond i t ions ,  
where both phases  are mobile ,  t h e  mob i l i t y  of each phase i s  
seve re ly  r e t a r d e d  by t h e  presence of t h e  o the r .  The sum of t h e  
i n d i v i d u a l  r e l a t i v e  p e r m e a b i l i t i e s  never reaches un i ty ,  except  
where one of t h e  f l u i d s  i s  immobile. The o the r  curves  shown i n  
F igure  1 are t h e  "X" r e l a t i v e  permeabi l i ty  curves .  For these  
cu rves ,  t h e  m o b i l i t y  of each phase i s  a l i n e a r  func t ion  of t he  
s a t u r a t i o n ,  and no c u t o f f s  are present .  The "X" curves  r ep resen t  
t h e  o the r  extreme; that i s ,  t h e  phases are independent of each 
o t h e r  and t h e i r  m o b i l i t i e s  are only a func t ion  of t h e i r  volume 
f r a c t i o n .  Thus these  r e l a t i v e  p e r m e a b i l i t i e s  r e p r e s e n t  t h e  
l i k e l y  extremes of what t h e  real  r e l a t i v e  permeabi l i ty  func t ions  
may be. 

F igure  6 shows the  flowing en tha lpy  as  a func t ion  of 
t h e  l i q u i d  r e l a t i v e  permeabi l i ty  f o r  the  Corey and "X" curves .  
The f i g u r e  shows t h a t  a l though the  two curves have d i s t i n c t l y  
d i f f e r e n t  c h a r a c t e r i s t i c s ,  they enc lose  a r e l a t i v e l y  small 
zone. 
d a t a  w i l l  f a l l  w i th in  t h i s  zone. The vapor r e l a t i v e  pe rmeab i l i t y ,  
when p l o t t e d  a g a i n s t  f lowing en tha lpy  f o r  t he  Corey and t h e  "X" 
r e l a t i v e  pe rmeab i l i t y  curves  (Figure 7 ) ,  a l s o  i l l u s t r a t e s  t he  
bas i c  d i f f e r e n c e  between the  two cases ,  a l though t h e  curves are 
f u r t h e r  apa r t .  

It i s  probable  that k r l  - hf va lues  determined from f i e l d  

The comparison of f i e l d  r e s u l t s  wi th  the curves shown i n  
F igu res  6 and 7 should give a c l e a r  i n d i c a t i o n  of whether t h e  
r e l a t i v e  pe rmeab i l i t y  curves  a t  the  geothermal f i e l d  i n  ques t ion  
more c l o s e l y  resemble the  Corey o r  the "X" r e l a t i v e  permeabi l i ty  
curves .  

THE RISE I N  FLOWING ENTHALPY 

A s  explained ear l ier ,  t h e  flowing en tha lpy  i n  a cons t an t  
r a t e  w e l l  test  reaches  a s t a b l e  va lue  a f t e r  some t i m e .  Sorey 
e t  a l . ,  (1980) s tud ied  t h e  rise i n  f lowing en tha lpy  using an 
approximate a n a l y t i c a l  method and found i t  depended s t r o n g l y  on 
which r e l a t i v e  permeabi l i ty  curves  were used. We have used a 
semi-analyt ic  technique developed by O'Sul l ivan (1980) t o  make a 
more d e t a i l e d  s tudy  of t he  e f f e c t  of t he  r e l a t i v e  permeabi l i ty  
curves  on the  rise i n  the  flowing enthalpy.  I n  order  t o  expla in  
t h e  main f e a t u r e s  of  t h e  r e su l t s  a b r i e f  o u t l i n e  of t h e  bas i c  
equa t ions  i s  requi red .  

Basic  Equat ions 

Using t h e  t ransformat ion  rl = r /  t t h e  mass and t h e  energy 
ba lance  equat ions  f o r  a two-phase system can be w r i t t e n  as 
(O 'Sul l ivan ,  1980): 



dQm n 2 dAm 
+ - -  = o  - 

dn 2 dn 

n 2 dA e + - -  = o  dQ e 
dn 2 dn 
- 

[41 

I n  e q u a t i o n s  ( 4 )  and ( 5 ) ,  k, and A, are t h e  mass and t h e  energy 
accumula t ion  terms, r e s p e c t i v e l y ,  where 

Am = W [ 61 

The d e n s i t y  ( p )  and e n t h a l p y  ( h )  of t h e  f l u i d  m i x t u r e  are d e f i n e d  
as : 

P = PISl + PVSV [81 

The mass (Qm) and t h e  energy  (Qe) f l u x e s  c a n  be w r i t t e n  
( i g n o r i n g  conduct ion)  as: 

Qe = hf Qm 

where t h e  m o b i l i t y  T, i s  g i v e n  by T m =  k/vt .  Using Qm,  p ,  
and S1 as independent  v a r i a b l e s ,  e q u a t i o n s  ( 4 ) ,  (51,  ( l o ) ,  
and (11)  can be combined t o  y i e l d :  

dS 1 
n -  dn 

Qm - -  
m T 

f dP 
dhf n 2 dAe 
- +2 [q- 

Qm dS1 

S i m i l a r l y ,  e q u a t i o n s  ( 4 )  and ( 5 )  can be combined t o  g i v e :  

Equat ions  (12)  and (13) w i l l  be used as  a b a s i s  i n  t h e  fo l lowing  
d i s c u s s i o n .  
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Numerical S tud ie s  

The phenomenon of s t a b l e  en tha lpy  dur ing  a cons tan t  ra te  
we l l  tes t  has  been observed i n  wel l  d a t a  from Wairakei and 
i n  numerical  s imula t ions  of wel l  t e s t s  (Sorey et a l . ,  1980; and 
O 'Sul l ivan ,  1980).  Ana ly t i ca l  v e r i f i c a t i o n  of a long-time s t a b l e  
flowing en tha lpy  can be obta ined  by cons ider ing  equat ion  (13)  i n  
t h e  l i m i t  as n -> 0 ( l a r g e  t imes)  which y i e l d s  simply: 

= o  o r  hf  = cons tan t  dh f - 
dn 

As n -> 0 and hf approaches i t s  cons tan t  va lue ,  equat ion  (12) can 
be approximated by: 

dS1 
dh f 

Q m d D  
t 151 

dS1 

I n  t h e  above d e r i v a t i o n s ,  t h e  cha in  r u l e  f o r  p a r t i a l  d i f f e r e n t  a t  ion  
has  been used i n  t h e  formula: 

The second term on t h e  r i g h t  hand s i d e  of equat ion  (16)  i s  
small  and t h e r e f o r e  t h i s  equat ion  can be used i n  a d i s c r e t e  form 
t o  approximate t h e  r ise  i n  flowing en tha lpy  as fol lows:  

Ah f = (2)p AS1 

The accuracy of t h i s  formula i s  confirmed by independent 
c a l c u l a t i o n s .  
change i n  s a t u r a t i o n  up t o  t h e  t i m e  when a s t a b l e  va lue  of t h e  
flowing en tha lpy  is  reached From equat ion  (17)  t h e  s t rong  
dependence of  Ahf on t h e  r e l a t i v e  permeabi l i ty  curves  i s  
obvious.  However, t h e  s a t u r a t i o n  change AS1, and t h e r e f o r e  
a l s o  Ahf, i s  dependent upon s e v e r a l  o t h e r  f a c t o r s ,  inc luding  
i n i t i a l  cond i t ions  (T, S i ) ,  p o r o s i t y ,  mass f lowra te  and t o t a l  
kinematic  mobi l i ty .  The r e l a t i o n s h i p s  between Ahf and these  
parameters  must be e s t a b l i s h e d  before  Ahf can be used t o  
i n v e s t i g a t e  t h e  shape of t h e  r e l a t i v e  permeabi l i ty  curves .  

I n  equat ion  (171, AS1 r e p r e s e n t s  t he  t o t a l  

F igure  8 shows t h e  r ise i n  flowing en tha lpy  v e r s u s  t h e  
i n i t i a l  f lowing en tha lpy  f o r  t h r e e  i n i t i a l  temperatures .  The 
curves  i n  F igure  8 show t h a t  t h e  r ise  of flowing en tha lpy  i s  
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dependent upon the  i n i t i a l  temperature  and t h e  i n i t i a l  s a t u r a t i o n  
i n  the  r e s e r v o i r .  The dependence on the  i n i t i a l  temperature  can 
be explained by cons ide r ing  equat ions  (12)  and (17) .  

The s a t u r a t i o n  changes g iven  by equa t ion  (12)  are more 
pronounced a t  lower temperatures  (or equ iva len t ly  a t  lower 
p r e s s u r e s ) ,  p r i m a r i l y  due t o  t h e  lower t o t a l  kinematic  mob i l i t y  
(Tm> a t  lower t empera tu res .  Consequently, t h e  flowing en tha lpy  
changes w i l l  be l a r g e r  a t  lower temperatures  (Equation 17).  The 
dependence of Ahf on the  i n i t i a l  s a t u r a t i o n  can be explained 
us ing  Figure  9. For the  Corey r e l a t i v e  permeabi l ty  cu rves ,  t h e  
change i n  f lowing en tha lpy  i s  most pronounced a t  medium va lues  of 
s a t u r a t i o n  and t h e  rise i n  the  flowing en tha lpy  i s  t h e r e f o r e  
l a r g e s t  a t  those i n i t i a l  s a t u r a t i o n  va lues .  

The rise i n  flowing en tha lpy  a l s o  depends on the poros i ty  
Q and t h e  mass flow r a t e  Qm. 
t h a t  i n  F igure  8,  but  a higher  p o r o s i t y  i s  used i n  t h e  s imula t ion  
( Q  = .25). Sorey e t  a l . ,  (1980) developed curves similar t o  t h e  
ones shown i n  F igures  8 and 10 us ing  a n  approximate a n a l y t i c a l  
procedure.  Their  curves  i n  gene ra l  show a cons iderably  smaller 
rise i n  f lowing en tha lpy  than  the  curves shown i n  F igure  8 and 
10. The d i f f e r e n c e  is  due t o  t h e  approximations involved i n  
d e r i v i n g  t h e  a n a l y t i c a l  express ions  used by Sorey e t  al. 

Figure  10 shows a p l o t  similar t o  

The r e l a t i o n s h i p  between the  rise i n  flowing en tha lpy  and 
p o r o s i t y  i s  shown i n  F igure  11 f o r  an i n i t i a l  temperature  of 
25OOC and s e v e r a l  va lues  of i n i t i a l  s a t u r a t i o n .  In  a l l  of t h e  
c a s e s ,  t h e  lower the  p o r o s i t y ,  t h e  g r e a t e r  i s  the  rise i n  
f lowing enthalpy.  I n  cases  of high i n i t i a l  l i q u i d  s a t u r a t i o n ,  a 
l i n e a r  r e l a t i o n s h i p  between t h e  rise i n  flowing en tha lpy  and 
(l-Q)/Q i s  observed f o r  p o r o s i t y  va lues  higher  than Q = .05. 
A t  lower i n i t i a l  l i q u i d  s a t u r a t i o n s  non-l inear  e f f e c t s  are more 
pronounced. We have confirmed t h e s e  r e s u l t s  by a n  independent 
a n a l y t i c a l  s tudy ,  but  t he  l i m i t e d  space does not  a l low e labor-  
a t i o n  of t h i s  work. 

The r e l a t i o n s h i p  between the  mass f lowra te  and t h e  s t a b l e  
f lowing en tha lpy  i s  shown i n  F igure  12.  Three curves r ep resen t ing  
d i f f e r e n t  v a l u e s  of t he  i n i t i a l  s a t u r a t i o n  are shown, bu t  i n  a l l  
t h r e e  c a s e s ,  t h e  i n i t i a l  t empera ture  of 25OOC and a po ros i ty  of 
0.05 w a s  used. The curves  r ep resen t ing  h igh  i n i t i a l  s a t u r a t i o n  
( S i  > .80) show a n  approximately l i n e a r  r e l a t i o n s h i p  between the 
f l o w r a t e  and t h e  s t a b l e  flowing en tha lpy ,  but  a t  lower i n i t i a l  
s a t u r a t i o n s  ( S i  = . 6 4 )  a more non-l inear  behavior i s  observed. 
The near  l i n e a r  r e l a t i o n s h i p  a t  high i n i t i a l  l i q u i d  s a t u r a t i o n s  
can be de r ived  a n a l y t i c a l l y  by cons ide r ing  equa t ions  (12)  and (17). 
A t  high i n i t i a l  s a t u r a t i o n s ,  t h e  d e r i v a t i v e s  dhf/dp and 
dhf/dS1 are n e g l i g i b l e  f o r  t he  Corey r e l a t i v e  pe rmeab i l i t y  
curves  ( s e e  F igure  81, and equat ion  (12)  can  be w r i t t e n  as: 
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e dA 
dS e Qm dp- 

" dn e dA Tm - -  dAe 
dS 1 hf q 

The terms i n  t h e  numerator and denominator of equat ion  (18) are 
almost  cons t an t  a t  higher  i n i t i a l  l i q u i d  s a t u r a t i o n s .  Consequently, 

Qm 
ASi a - 

Tm 

and from equa t ion  (171, 

Qm Ahf a - 
Tm 

The s l i g h t  non-l inear  e f f e c t s  i n  the  high i n i t i a l  s a t u r a t i o n  
curves  shown i n  F igu re  11 are probably due t o  t h e  f a c t  t h a t  Tm 
dec reases  s l i g h t l y  wi th  p re s su re  and s a t u r a t i o n .  

Sorey e t  a l .  (1980) observed a near  l i n e a r  r e l a t i o n s h i p  
between t h e  f lowing en tha lpy  and f l o w r a t e  from w e l l s  i n  Wairakei, 
New Zealand. Their  use  of l i n e a r  p l o t s ,  such as the  one shown 
i n  F igure  11, t o  o b t a i n  the  i n i t i a l  r e s e r v o i r  en tha lpy  f o r  t he  
w e l l s  i n  New Zealand i s  w e l l  j u s t i f i e d .  However, i n  t h e  case  of a 
low i n i t i a l  s a t u r a t i o n ,  l i n e a r  aproximations may be somewhat i n  e r r o r .  

I n  l i g h t  of t he  preceeding d i scuss ion  it i s  c l e a r  t h a t  t he  
r ise i n  f lowing en tha lpy  i s  complicated by v a r i o u s  f a c t o r s  such 
as t h e  p o r o s i t y ,  f l o w r a t e ,  and t h e  i n i t i a l  condi t ions .  However i f  
a l l  of t h e s e  f a c t o r s  are known, t h e  change i n  s a t u r a t i o n  may be 
approximated and the s lope of the hf versus Si curves (dhfjdS1) 
determined ( equa t ion  1 7 ) .  This  i n  t u r n  w i l l  y i e l d  informat ion  
r ega rd ing  t h e  r e l a t i a v e  permeabi l i ty  parameters.  

Ca lcu la t ions  have been c a r r i e d  out  f o r  s e v e r a l  d i f f e r e n t  
r e l a t i v e  pe rmeab i l i t y  curves .  For example, Corey curves  and 
l i n e a r  curves  which produce t h e  same f lowing en tha lpy  but  a 
d i f f e r e n t  g r a d i e n t  f o r  dhf/dS1 a t  a p a r t l c u l a r  i n i t i a l  s a t u r a t i o n  
have been inves t iga t ed .  Work on t h e  problem i s  cont inuing.  

CONCLUSIONS 

The primary r e su l t s  obta ined  i n  t h i s  s tudy  are  as fol lows:  

1) The l i q u i d  c u t o f f s  are the  most important c h a r a c t e r i s t i c s  

2)  
of the  r e l a t i v e  pe rmeab i l i t y  curves  
The r e l a t i v e  pe rmeab i l i t y  parameters  can be determined 
from f i e l d  d a t a  i n  terms of t h e  flowing en tha lpy ,  and 

I 
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compared to t h e o r e t i c a l  curves  ( e . g . ,  Corey and "X" 
curves 1 

3)  The r i s e  i n  flowing en tha lpy  can g ive  information 
regard ing  t h e  r e l a t i v e  permeabi l i ty  curves  providing 
parameters such as kH and Q a r e  known ( e . g . ,  from 
i n j e c t i o n  and i n t e r f e r e n c e  t e s t s ) .  

NOMENCLATURE 
Cr = s p e c i f i c  hea t  of rock 

en tha lpy  
flowing en tha lpy  
en tha lpy  of s a t u r a t e d  l i q u i d  
en tha lpy  of s a t u r a t e d  vapor 
r e s e r v o i r  t h i ckness  
pe rmeab i l i t y  
r e l a t i v e  permeabi l i ty  of l i q u i d  phase 
r e l a t i v e  pe rmeab i l i t y  of vapor phase 
thermal  conduc t iv i ty  
s lope  of semi-log p res su re  response 
p re s su re  
mass f lowra te  per  u n i t  t h i ckness  
r a d i a l  d i s t a n c e  
l i q u i d  s a t u r a t i o n  
vapor s a t u r a t i o n  
r e s i d u a l  l i q u i d  s a t u r a t i o n  
r e s i d u a l  vapor s a t u r a t i o n  
t ime 
temperature  
p o r o s i t y  
d e n s i t y  of  vapor l i q u i d  mixture  
l i q u i d  d e n s i t y  
rock d e n s i t y  (kg/m3> 
vapor d e n s i t y  
kinematic  v i s c o s i t y  of l i q u i d  water  
t o t a l  kinematic  v i s c o s i t y  
kinematic  v i s c o s i t y  of vapor 
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FIGURE 1 .  
r e l a t i v e  permeability curves.  
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FIGURE 2 .  
enthalpy and l iqu id  saturation for l inear  
r e l a t i v e  permeability curves.  
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FIGURE 3. The r e l a t i o n s h i p  between 
kinematic  v i s c o s i t y  and l i q u i d  s a t u r a t i o n  
for l i n e a r  r e l a t i v e  pe rmeab i l i t y  curves .  
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FIGURE 5. 
t e s t  i n  a two-phase r e s e r v o i r .  

Flowing en tha lpy  dur ing  a well 
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FIGURE 4 .  Pressu re  t r a n s i e n t  behavior 
during a w e l l  t e s t  i n  a two-phase 
r e s e r v o i r .  
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FIGURE 6. The r e l a t i o n s h i p  between 
flowing en tha lpy  and l i q u i d  r e l a t i v e  
pe rmeab i l i t y  for Corey and "X" 
r e l a t i v e  permeabi l i ty  curves .  
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FIGURE 7 .  The r e l a t i o n s h i p  between 
flowing en tha lpy  and vapor r e l a t i v e  
pe rmeab i l i t y  f o r  Corey and "X" 
r e l a t i v e  pe rmeab i l i t y  curves .  
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FIGURE 8.  The r e l a t i o n s h i p  
between t h e  r i s e  i n  flowing 
en tha lpy  and t h e  i n i t i a l  
f lowing en tha lpy  f o r  a 
p o r o s i t y  of 41 = .05. 

FIGITRE 9 .  The r e l a t i o n s h i p  between 
flowing en tha lpy  and l i q u i d  s a t u r a t i o n  
f o r  t h e  Corey r e l a t i v e  pe rmeab i l i t y  
curves  . 
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FIGURE 10. The r e l a t i o n s h i p  between 
t h e  r ise  i n  flowing en tha lpy  and t h e  
i n i t i a l  f lowing en tha lpy  f o r  a 
p o r o s i t y  of  $ = .25. 
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FIGURE 11. 
and t h e  r ise  i n  flowing en tha lpy .  

The r e l a t i o n s h i p  between p o r o s i t y  

S; = ,640 

A S;= 1.00 

T = 250'C + = .05 s;* ,800 

FIGURE 12. The r e l a t i o n s h i p  
between f lowra te  and t h e  r i s e  
i n  flowing en tha lpy .  
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MODELLING FROM A USER'S POINT-OF-VIEW 

P.F. Bixley 

P r i v a t e  Bag, Taupo 
New Zealand. 

Minis t ry  of  Works and Development, Wairakei 

In t roduc t ion  

I n  t h e  con tex t  of  t h i s  paper the  ' u s e r '  inc ludes  a l l  t hose  
involved i n  t h e  management of a geothermal resource.  The 
o b j e c t i v e  of r e s e r v o i r  modelling and s imula t ion ,  i n  my view, 
should be t o  supply these  ' u se r s '  wi th  appropriate and 
r e l i a b l e  d a t a  so that they can make sound dec i s ions ,  whether 
t hese  be i n  f i n a n c i a l  or  engineer ing f i e l d s .  The scale of 
models would thus  extend from a s i n g l e  w e l l ,  which may 
r e q u i r e  a workover to  remove mineral  depos i t i on  cos t ing ,  s a y ,  
$30,000, t o  a f u l l  geothermal f i e l d  development, c o s t i n g  more 
than $100 mi l l i on .  

Geothermal development work can involve h igh  r i s k s .  With the 
a i d  of modelling it should be poss ib l e  t o  quan t i fy  r i s k s ,  
and, i f  these are considered excessive,  to  i d e n t i f y  what data 
should be  obtained to  reduce them. Schemes r e l y i n g  on a 
s i n g l e  w e l l  are p a r t i c u l a r l y  hazardous. I n  1974 an a l f a l f a  
drying p l a n t  w a s  b u i l t  a t  Broadlands next  to  w e l l  BR7.  This  
well had previous ly  been flow tested f o r  t h r e e  y e a r s ,  showing 
very r e l i a b l e  d ischarge  c h a r a c t e r i s t i c s .  But when opened t o  
supply t h e  drying p l a n t ,  t h e  w e l l  d i d  no t  perform satis-  
f a c t o r i l y  and a 350 m p i p e l i n e  w a s  b u i l t  t o  supply steam f r o m  
another  nearby product ive w e l l .  A l l  geothermal developments 
involve d r i l l i n g  and t h i s ,  a l s o ,  i s  a r i s k y  bus iness .  I n  New 
Zealand, over t h e  l a s t  s i x  yea r s ,  t he  t i m e  t o  d r i l l  a 1200- 
1400 m i n v e s t i g a t i o n  w e l l  shows v a r i a t i o n s  of 240% about t h e  
average (us ing  t h e  same r i g  and equipment). The time f o r  
workovers is  even more v a r i a b l e ,  due t o  unforeseen downhole 
condi t ions  a f f e c t i n g  progress  - an overrun of  100% would n o t  
be unexpected . 
What information does t h e  use r  want? Basic da t a  w i l l  be the 
power-life and l i k e l y  d ischarge  c h a r a c t e r i s t i c s  of a f i e l d  
given c e r t a i n  ope ra t ing  condi t ions .  For example, i f  w e  have 
a l i q u i d  dominated f i e l d ,  t h e  des ign  engineers  w i l l  r e q u i r e  
information about  changing en tha lpy ,  gas  and to t a l  flow f o r  
t he  system a s  a whole and f o r  each ind iv idua l  w e l l .  There 
i s  no p o i n t  i n  f i t t i n g  a w e l l  wi th  equipment to  handle 100 t /h  
of separa ted  steam if,  a f t e r  t h r e e  yea r s '  product ion,  i t  
w i l l  only produce 50 t /h .  Those providing f inance  f o r  a 
scheme w i l l  r e q u i r e  an assurance of i t s  v i a b i l i t y .  How many 
years  can the  f i e l d  s u s t a i n  the  p ro jec t ed  withdrawal rate? 
For a we l l  r e p a i r  opera t ion ,  those providing funds w i l l  want 
to  know t h e  chances of success and how much steam t h e  w e l l  
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might produce i f  t h e  o p e r a t i o n  succeeds.  These f a c t o r s  
must be ba lanced  a g a i n s t  t h e  e s t ima ted  cost  of  t h e  operation, 
which i t s e l f  
i d e n t i f i e d  i n  t h e  f irst  place. I n  a f i e l d  which has  been 
o p e r a t i n g  for  s o m e  y e a r s ,  t h e  q u e s t i o n  a r i ses :  What do w e  
do now? D o  w e  i n c r e a s e  p roduc t ion ,  or  do noth ing ,  or maybe 
manage t h e  f i e l d  by o p e r a t i n g  on ly  s e l e c t e d  w e l l s .  Whatever 
t h e  c h o i c e ,  p r e d i c t i o n s  of f u t u r e  f i e l d  and w e l l  performance 
are r e q u i r e d  t o  allow t h e  f i e l d  operator t o  e v a l u a t e  t h e  
economics of a l t e r n a t i v e  schemes. 

re l ies  on t h e  problem having been p r o p e r l y  

I n p u t  D a t a  

Reliable and a c c u r a t e  i n p u t  d a t a  are an  e s s e n t i a l  p a r t  of 
any u s e f u l  m o d e l .  Problems w i t h  i n p u t  data arise i n  t h r e e  
areas. F i r s t l y ,  t h e  accuracy  o f  t h e  r a w  d a t a ,  and second ly ,  
t h e  i n t e r p r e t a t i o n  o f  t h i s  d a t a .  Raw d a t a  should always be 
t r e a t e d  w i t h  c o n s i d e r a b l e  scepticism. D a t a  c o l l e c t i o n -  
p r o c e s s i n g  sys tems have several possible sources  o f  error;  
in s t rumen t  c a l i b r a t i o n ,  measurement procedure and d a t a  
p rocess ing  to  name a few. Where r e c o r d s  have been c o l l e c t e d  
ove r  a long  t i m e  period, accuracy w i l l  change a s  d i f f e r e n t  
equipment,  t echn iques  and personnel  become involved .  

Only i n  e x c e p t i o n a l  c i rcumstances  are  f l u i d  c o n d i t i o n s  i n s i d e  
a geothermal  w e l l  and i n  t h e  format ion  o u t s i d e  t h e  w e l l  i n  
e q u i l i b r i u m  throughout  the d e p t h  of h o l e  exposed to  format ion .  
I n  most w e l l s ,  t h e r e  are i n t e r n a l  c i r c u l a t i o n  and i n t e r z o n a l  
f l o w  e f f e c t s .  The r a w  d a t a  must first be i n t e r p r e t e d  to  t e l l  
u s  what i s  happening i n s i d e  t h e  w e l l ,  t hen  w e  can  ex tend  t h i s  
i n t e r p r e t a t i o n  t o  o b t a i n  in fo rma t ion  about  t h e  r e s e r v o i r  
o u t s i d e  t h e  w e l l .  A t  t h i s  s t a g e ,  w e  must a s k  o u r s e l v e s :  Can 
we  make any o t h e r  s e n s i b l e  i n t e r p r e t a t i o n ?  Is t h e  i n t e r p r e -  
t a t i o n  i n f l u e n c e d  by basic assumptions and does  it make 
ser.se? 

The t h i r d  and,  p o s s i b l y ,  t h e  most impor tan t  problem area w i t h  
model i n p u t  i s  t h e  p o s s i b i l i t y  t h a t  h igh ly  s i g n i f i c a n t  data  
may be miss ing  - e i t h e r  undiscovered or ignored .  For  example, 
t h e  importance of cool in f lows  o r i g i n a t i n g  above t h e  
geothermal  r e s e r v o i r  a t  Wairakei  w a s  n o t  recognised  u n t i l  
very  r e c e n t l y .  Measured downflows i n  t w o  w e l l s  t o t a l  100 l/s, 
compared w i t h  t o t a l  withdrawal  r a t e  of 1500 l/s. A t  l eas t  
three o t h e r  w e l l s  have comparable downflows and a n  unknown 
amount may e n t e r  t h e  r e s e r v o i r  from above v i a  n a t u r a l  f a u l t s  
and f i s s u r e s  . 
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W a i  r a k  e i 

Dur ing  t h e  h i s t o r y  of i n v e s t i g a t i o n  and p r o d u c t i o n  a t  
Wairake i  a n  enormous q u a n t i t y  of d a t a  h a s  been c o l l e c t e d  and 
hundreds  of papers w r i t t e n ,  n o t  a few on model l ing  and 
reservoir s i m u l a t i o n .  From t h e  f i e l d  u s e r ' s  point-of-view,  
much of t h i s  work h a s  b e e n  i n t e r e s t i n g ,  b u t  of no pract ical  
value. On t h e  to ta l - f ie ld  scale o n l y  one  s i m u l a t i o n ,  by 
Wainwright!, h a s  b e e n  s u c c e s s f u l  i n  i t se l f  as  a management 
tool .  T h i s  w a s  w r i t t e n  i n  1969 when t h e  f i e l d  had been 
o p e r a t i n g  for  t e n  y e a r s  and f u r t h e r  e x p e n d i t u r e  was b e i n g  
c o n s i d e r e d  t o  i n c r e a s e  sys tem e f f i c i e n c y .  

The s i m u l a t i o n  u s e d  t h e  p r e v i o u s  s i x  y e a r s '  p r o d u c t i o n  
data  to  predict  steam and w a t e r  f l o w s  for  t h e  f o l l o w i n g  10- 
1 5  y e a r s .  Several methods w e r e  t r i ed  and the m o s t  
s a t i s f a c t o r y  w a s  found t o  be one  i n  which t h e  performance 
of t h e  reservoir w a s  p r o j e c t e d ,  t h e n  t h e  o u t p u t s  o f  t h e  w e l l s  
c a l c u l a t e d  for  t h e s e  f u t u r e  c o n d i t i o n s .  T h i s  method c a n  o n l y  
predict  w e l l  o u t p u t s  i f  t h e r e  is no major change i n  f l u i d  
wi thdrawal  r a t e ,  however i t  does f a c e  t h e  problem t h a t  
w i t h o u t  a p r e d i c t i o n  of f u t u r e  s t e a m  f l o w  ra tes  i n  s o m e  
d e t a i l ,  no e n g i n e e r i n g  progress c a n  be made. T h i s  s i m u l a t i o n  
was complicated by t h e  f a c t  t h a t  t h e  h i g h  p r e s s u r e  w e l l s  were 
to  be s l o w l y  derated ( t o  i n c r e a s e  o u t p u t )  i n  order t h a t  
power s t a t i o n  t u r b i n e s  would remain f u l l y  l o a d e d .  The 
s i m u l a t i o n  h a s  b e e n  remarkably a c c u r a t e .  I n  1978 t h e  h i g h  
p r e s s u r e  steam f l o w  w a s  8% b e l o w  p r e d i c t e d  v a l u e s ,  and 
i n t e r m e d i a t e  p r e s s u r e  steam f l o w  w a s  m a r g i n a l l y  i n  e x c e s s  of 
t h e  p r e d i c t i o n .  The p r e d i c t e d  steam f lows  w e r e  t h e n  used i n  
a f u r t h e r  report  to  a s s u r e  t h e  e n g i n e e r i n g  and f i n a n c i a l  

C o n s t r u c t i o n  of t h e  scheme w a s  completed i n  1974 and power 
s t a t i o n  o u t p u t  w a s  i n c r e a s e d  11% to 162 MW(e) w i t h  no change 
i n  mass w i t h d r a w a l  ra te  f r o m  t h e  r e s e r v o i r .  

v i a b i l i t y  of t h i s  proposed ' o p t i m i s a t i o n '  scheme. 2 

Ten y e a r s  a f t e r  Wainwright ' s  p r e d i c t i o n ,  power s t a t i o n  
o u t p u t  c o n t i n u e s  t o  f a l l  and a g a i n  t h e  q u e s t i o n  is: What do 
w e  d o  now? Many o p t i o n s  are  open. R e i n j e c t i o n  of waste 
w a t e r  i s  b e i n g  c o n s i d e r e d ,  w e  c o u l d  d r i l l  e x t r a  p r o d u c t i o n  
w e l l s  or  as a l o n g e r  t e r m  tool  w e  c o u l d  m a n i p u l a t e  t h e  o v e r a l l  
f i e l d  d i s c h a r g e  e n t h a l p y  - b y  s h u t t i n g  h i g h  e n t h a l p y  o r  ' d r y '  
steam p r o d u c e r s .  

A l l  t h r e e  of t h e  above o p t i o n s  are p r e s e n t l y  b e i n g  
c o n s i d e r e d .  I n  d e t a i l e d  examinat ion  o f  t h e  Wairakei  f i e l d ,  
Hi tchcock3 came t o  t h e  c o n c l u s i o n  t h a t  c o n t i n u i n g  rundown i n  
o u t p u t  of t h e  power s t a t i o n  w a s  mainly d u e  to  e x c e s s  h e a t  
w i t h d r a w a l  f r o m  t h e  reservoir v ia  t h e  h i g h  e n t h a l p y  and ' d r y '  
steam w e l l s .  If o u t p u t  w a s  t o  be m a i n t a i n e d ,  t h e s e  w e l l s  
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should be s h u t  and t h e i r  c o n t r i b u t i o n  made up from new w e l l s  
producing f r o m  t h e  l i q u i d  levels of t h e  r e s e r v o i r .  Rein j  c- 
t i o n  t e s t i n g  a t  Wairakei i s  c u r r e n t l y  i n  p rogres s .  Grant  
has  shown t h a t  provided t h e r e  is  no r a p i d  r e t u r n  of coo l  
i n j e c t e d  f l u i d  to  t h e  product ion  w e l l s ,  r e i n j e c t i o n  i n t o  t h e  
l i q u i d  r e s e r v o i r  should have a r a p i d  and b e n e f i c i a l  e f f e c t  
on w e l l s  producing from t h i s  l e v e l .  

Broadlands 

S ince  t h e  first s u c c e s s f u l  w e l l  w a s  d r i l l e d  a t  Broadlands 
more than  $20 m i l l i o n  worth of  usable  energy ( a t  lc/kWh) has  
been used wh i l e  t e s t i n g  t h e  f i e l d .  Most of t h i s  energy w a s  
e x t r a c t e d  du r ing  a t h r e e  year  f i e l d  d i scha rge  a t  an average 
ra te  of  60 MW(e) equ iva len t .  This  has  allowed much d e t a i l e d  
work to  be done on model l ing of  t h e  behaviour  of t h e  wes tern  
h a l f  of t h e  f i e l d  . These, and o t h e r  s imula t ions  have 
e s t a b l i s h e d  optimum withdrawal ra tes  ve r sus  l i f e t i m e  for  
t h i s  par t  of  t h e  f i e l d ,  f o r  a no r e i n j e c t i o n  cond i t ion ,  b u t  
o u r  des ign  eng inee r s  and f i n a n c i e r s  r e q u i r e  much more d e t a i l .  
Can they  be as su red  t h a t  r e i n j e c t i o n  i s  v i a b l e ?  What are  t h e  
i n j e c t i o n  w e l l  f l o w  c h a r a c t e r i s t i c s  now, and how w i l l  they  
change w i t h  t i m e ?  How w i l l  p roduct ion  w e l l  c h a r a c t e r i s t i c s  
change ( i n  d e t a i l )  over  t h e  f i r s t  3-4 y e a r s  of f i e l d  
ope ra t ion?  

5 

Conclusion 

These q u e s t i o n s  cannot  be answered d i r e c t l y  by model l ing.  
However, w e l l  p r e sen ted  conceptual  models can be u s e d ,  
t o g e t h e r  w i t h  t h e  best  a v a i l a b l e  informat ion  to  make re l iab le  
eng inee r ing  d e c i s i o n s .  Ex t r a  assurance  can be b u i l t  i n t o  a 
scheme by having a f l e x i b l e  des ign ,  so t h a t ,  i n  t h e  even t  of  
unforeseen  changes,  a f a l l b a c k  p o s i t i o n  i s  a v a i l a b l e  wi thou t  
changing t h e  o v e r a l l  scheme v i a b i l i t y .  The e f f e c t i v e n e s s  o f  
t h i s  approach will depend o n  t h e  skill and experience, and a 
mutual i n t e rchange  of t h e  informat ion  among a l l  t hose  
involved i n  management d e c i s i o n s  (.i .e. f i n a n c i e r s ,  des ign  
eng inee r s ,  r e s e r v o i r  eng inee r s ,  model le rs  e t c . ) .  

One of  t h e  prime reasons  f o r  t h e  success  of  t h e  Wairakei 
p r o j e c t  was t h e  d i r e c t ,  o n - s i t e  involvement of a s m a l l  group 
of very  competent and r e s o u r c e f u l  engineers,who followed t h e  
p r o j e c t  through from i n i t i a l  i n v e s t i g a t i o n s ,  t o  p lanning ,  
c o n s t r u c t i o n  and l a t e r  ope ra t ion .  A l l  understood t h e  problems 
p e c u l i a r  t o  geothermal engineer ing  and, a s  a r e s u l t  of t h i s ,  
t h e i r  teamwork and down-to-earth approach, t h e r e  have been 
few major problems wi th  t h e  p r o j e c t .  
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For new developments today, model l ing can make a u s e f u l  
c o n t r i b u t i o n ,  b u t  much d e t a i l e d  eng inee r ing  informat ion  
must s t i l l  be supp l i ed  by exper ience  and i n t u i t i o n .  To 
be e f f e c t i v e  t h e  model ler  should be par t  of  a management 
t e a m  which must main ta in  a close and cont inuing  l i a i s o n  
w i t h  those  involved  i n  i n v e s t i g a t i o n  and des ign .  From t h e  
u s e r ' s  point-of-view, t h e  u l t i m a t e  tests f o r  any model are: 
Does it make sense?  Does it ' f e e l  ' r i g h t ?  and What can  I 
do w i t h  it? 
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BOILING HEAT TRANSFER FROM A D I K E  

P. Cheng and A.K. Verma 
Unive r s i ty  of H a w a i i  a t  Manoa 

Honolulu, Hawaii 96822 

In t roduc t ion  

I t  is  known t h a t  ho t  d i k e  complexes are one type  of h e a t  sou rces  
i n  a vo lcan ic  geothermal r e s e r v o i r .  To e x t r a c t  energy from a geo- 
thermal r e s e r v o i r ,  it i s  important t o  know t h e  coo l ing  ra te  of t h e  
i n t r u s i v e s  by groundwater. With a maximum temperature  of 1,200°C, the  
i n t r u s i v e s  are most l i k e l y  t o  be cooled by f i l m  b o i l i n g  du r ing  t h e  
i n i t i a l  s t a g e s  and by s ingle-phase  convect ion dur ing  t h e  l a t e r  s t a p c s  
when i t s  temperature  becomes lower t h a t  the s a t u r a t e d  tempera ture  c o r -  
responding t o  t h e  p r e s s u r e .  
Reservoi r  Engineer ing,  Cheng [ l ]  has r epor t ed  t h a t  t h e  coo l ing  r a t c  of 
a d i k e  by f ree  convect ion of s ing le-phase  groundwater can be  computed 
according t o  

A t  t h e  Second Workshop on Geothermal 

= 0.444 (Tw-T,) 3/2dkmK:rp , 
9, 

and t h e  t h i c k n e s s  of  t h e  hot  water  zone i s  

where g i s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n ;  qw and q\,, a r e  t h e  l o c a l  and 
t h e  average s u r f a c e  hea t  f l u x ;  Tw and T, a r e  t h e  tempera tures  of  t h e  
groundwater at the s u r f a c e  and a t  a great d i s t a n c e  from the s u r f a c e ;  I;, 
km and c1 are  t h e  pe rmeab i l i t y ,  t h e  equ iva len t  thermal c o n d u c t i v i t y ,  
and thermal d i f f u s i v i t y  of  t h e  formation;  cp ,  B ,  and v are  t h e  s p e c i f i c  
hea t ,  t h e  thermal expansion c o e f f i c i e n t ,  and t h e  kinematic  v i s c o s i t y  of 
t he  groundwater; L and x are t h e  he igh t  of  t h e  d i k e  and t h e  l o c a l i t y  
on t h e  d ike  measured from t h e  bottom; p, is  t h e  dens i ty  of t h e  groundwater 
at i n f i n i t y .  

t r a n s f e r  from a v e r t i c a l  i so thermal  s u r f a c e  i n  a porous medium f i l l e d  
with a subcooled l i q u i d  [2 ,3 ] .  In t h i s  paper  we s h a l l  b r i e f l y  summarize 
t h e  r e s u l t s  obtained,and c a r r y  out  numerical  computations o f  b o i l i n g  
hea t  t r a n s f e r  from a d ike .  

Recect ly ,  w e  have obta ined  an a n a l y t i c a l  s o l u t i o n  f o r  b o i l i n g  hea t  

F i l m  Boi l ing  from a V e r t i c a l  P l a t e  i n  a Porous Medium 

Consider t h e  problem of s teady  coo l ing  o f  an isothermal  v e r t i c a l  
sur face  embedded i n  a porous medium f i l l e d  with a subcooled l i q u i d  
as shown i n  F i g .  1 .  Nhen t h e  wal l  temperature  T,, i s  s u f f i c i e n t l y  
higher  than t h e  s a t u r a t i o n  temperature  Ts (corresponding t o  i t s  
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p r e s s u r e ) ,  a vapor f i l m  wi th  th i ckness  6, w i l l  form ad jacen t  t o  t h e  
ver t ical  sur face .  To i n v e s t i g a t e  t h e  hea t  t r a n s f e r  c h a r a c t e r i s t i c s  
of t h i s  problem, Cheng and h i s  co-worker [2 ,3]  have made t h e  fo l lowing  
assumptions: 
t h e  subcooled l i q u i d  with no mixed zone i n  between. 
face a t  y = 6v i s  smooth and s t a b l e ,  and i s  a t  a cons t an t  temperature  
Ts .  (3) Boundary l a y e r  approximations are app l i cab le .  (4) Bousinesq 
approximations are invoked i n  t h e  l i q u i d  phase so  t h a t  d e n s i t y  i s  
assumed t o  be cons t an t  except i n  t h e  buoyancy f o r c e  term where den- 
s i t y  i s  assumed t o  be l i n e a r l y  p ropor t iona l  t o  temperature .  
o t h e r  p r o p e r t i e s  of  t h e  l i q u i d  and vapor phases  and t h e  porous medium 
are cons t an t .  ( 6 )  Darcy 's  law is a p p l i c a b l e  t o  both phases .  I t  i s  
worth no t ing  t h a t  assumptions (1)-(5)  are t h e  usua l  approximations 
used i n  t h e  c l a s s i c a l  f i l m  b o i l i n g  l i t e r a t u r e .  Note t h a t  as a r e s u l t  
of t he  f i rs t  approximation, t h e  mathematical  formulat ion of  t h e  problem 
is cons iderably  s i m p l i f i e d .  
r e l a t i v e  pe rmeab i l i t y  no longer  comes i n t o  t h e  p i c t u r e  and t h a t  s i n g l e -  
phase equat ions  can be app l i ed  s e p a r a t e l y  t o  t h e  vapor and l i q u i d  
phases.  
l a r i t y  s o l u t i o n s  i n  terms of  t h e  dimensionless  boundary l a y e r  t h i c k -  
ness  parameter qv6 which is  def ined  as qV6 = - 3 v / ~ .  
meter i s  an i m p l i c i t  func t ion  of t h r e e  o t h e r  dimensionless  parameters :  
Shy Sc, and R ,  where Sh = c v(Tw-Ts)/hfg, Sc = cpL(Ts-T,)/h 

(1) A d i s t i n c t  boundary e x i s t s  between the  vapor and 
( 2 )  The i n t e r -  

(5) A l l  

This  i s  because t h e  complexity of  t h e  

As a r e s u l t ,  bo th  t h e  vapor and t h e  l i q u i d  phases  admit s i m i -  

Th i s  para- 

fg '  vLav (Pm-Pv) C,.,Lf/z 
R ;"[ 9cpL = kmL/P w L  a and c PV = kmV/p,av 

pw Pv"LP,BLhfg 
wi th  t h e  s u b s c r i p t  "v" denot ing  q u a n t i t i e s  a s s o c i a t e d  wi th  t h e  vapor 
phase while  t h e  subsc r ip t  "L"denoting q u a n t i t i e s  a s s o c i a t e d  wi th  
the  l i q u i d  phase.  
measure of degree of wall supe rhea t ing ) ,  Sc ( a  measure of t h e  e x t e n t  
of t h e  subcool ing of  t h e  surrounding f l u i d ) ,  and R ( a  p r o p e r t y  r a t i o )  
i s  i l l u s t r a t e d  i n  Fig.  2 .  

The f u n c t i o n a l  r e l a t i o n s h i p  between ov6, Sh (a  

The l o c a l  and average b o i l i n g  hea t  t r a n s f e r  rates from a heated 
s u r f a c e  i n  a geothermal r e s e r v o i r  can be shown t o  be 

Equations (4)  and (5) can be r e w r i t t e n  i n  dimensionless  form as 

Nux 1 
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where Nux and Nu are  t h e  l o c a l  .and average Nusse l t  numbers wh i l e  Rax,v 
and Ra are t h e  Rayleigh numbers based on x and L r e s p e c t i v e l y ,  i . e . ,  

- 

It  i s  convenient  t o  mul t ip ly  Eq. (6) by riv& and p l o t  t h e  q u a n t i t y  
Nuxnv6/- ve r sus  qv6 which i s  p resen ted  i n  F ig .  3 .  
hand, t h e  q u a n t i t y  Nux/(Rax,v) ve r sus  Sh a t  R = 0.5 and wi th  d i f f e r e n t  
va lues  of  Sc i s  p resen ted  i n  Fig.  4. 

On t h e  o t h e r  

Appl ica t ion  t o  Heat Trans fe r  from a Dike 

Consider a d i k e  100 m i n  he igh t  with an average s u r f a c e  tempera ture  

Suppose t h a t  
of 400°C i s  in t ruded  i n t o  an a q u i f e r  (wi th  K = 10-12m2, km,L = 2.65 
J/sec-K, and km,v = 1 .6  J/sec-K) a t  a tempera ture  of 20°C. 
t h e  mean s t a t i c  p r e s s u r ?  a long  t h e  d i k e  i s  a t  10 atmospheric p r e s s u r e  
and t h e  s a t u r a t e d  temperature  corresponding t o  t h i s  mean p r e s s u r e  i s  
1 8 O o C .  To apply t h e  theory  t o  t h i s  problem, we s h a l l  eva lua te  t h e  p r o -  
p e r t i e s  of t h e  vapor and l i q u i d  l a y e r s  a t  t h e i r  mean tempera tures .  
Thus, t h e  d e n s i t y ,  v i s c o s i t y ,  and s p e c i f i c  h e a t  o f  vapor w i l l  be  e v a l -  
uated a t  t h e  mean tempera ture  o f  (T,,,+TS)/2 = 290°C while  t h a t  of t h e  
l i q u i d  phase a t  (Ts+T,)/2 = 100°C. A t  t h e s e  tempera tures ,  w e  found t h a t  
pv = 0.004 g/cc,  cpv = 2.16 J /g-k ,  pv = 1.96 x 
4.22 J/g-K, p~ = 2.74 x LO- 3 g/cm-sec, p, - - 0.9574 g/cc and B L  = 
4.67 x lO-4/C, hfg  = 2019 J / g .  
Sc = 0.3323, and R = 0.565, and consequent ly  we can determine rlvg from 
Fig. 2 t o  g e t  nv6 = 0.49. With t h i s  va lue  o f  vvr; w e  ob ta in  Nux = 33.3 
a t  x = 100 m where Rax , \ r  = 258 and R a x , ~  = 425. The vapor f i l m  boundary 
l a y e r  t h i ckness  can be determined from t h e  d e f i n i t i o n  of U V 6  which g i v e s  
6, = 0 . 4 9 x / G  and t h e  vapor boundary l a y e r  t h i ckness  i s  given by 

Th i s  i s  p l o t t e d  i n  Fig.  5 where it is  shown t h a t  gV = 3 m 6 =  

and 6~ = 24.3 m a t  x = 100 m. 
vapor and t h e  l i q u i d  phases  a t  x = 100 m are p l o t t e d  i n  F ig .  6 .  I t  i s  
shown t h a t  t h e r e  i s  a v e l o c i t y  d i s c o n t i n u i t y  a t  t h e  vapor- l iqu id  i n t e r -  
face which i s  a consequence of  t h e  Darcy 's  law. The v e r t i c a l  v e l o c i t y  
i n  t h e  vapor phase i s  shown t o  be much h ighe r  than t h a t  i n  t h e  l i q u i d  
phase because buoyancy f o r c e  i s  l a r g e r  and v i s c o s i t y  i s  lower f o r  vapor.  

g/cm-sec; CPL = 

With t h e s e  va lues ,  we o b t a i n  Sh = 0.2364, 

. 5x 

L d i G - - - -  
x,L 

The v e r t i c a l  v e l o c i t y  p r o f i l e s  f o r  t h e  

Concludine Remarks 

The v a l i d i t y  of t h e  p re sen t  theory  depends c r i t i c a l l y  on t h e  assump- 
t i o n s  of (1) t h e  non-exis tence o f  a two-phase zone i n  t h e  boundary I ayc r ,  
and ( 2 )  t h e  vapor - l iqu id  i n t e r f a c e  be ing  s t a b l e  and smooth. For  t h c  
c l a s s i c a l  f i l m  b o i l i n g  problems, t h e  f i r s t  assumption has been widcly 
accepted while  t h e  second assumption i s  more d i f f i c u l t  t o  be met i n  
r e a l i t y  s i n c e  bubbles  nea r  t h e  i n t e r f a c e  may be formed ( r e s u l t i n g  in a 
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wavy shape) or detached ( r e s u l t i n g  i n  an unsteady behavior).  These 
assumptions a r e  c e r t a i n l y  p l a u s i b l e  f o r  t he  corresponding problems 
in  a porous medium. 
by f u t u r e  experiments. 

Its accuracy,however, can only be determined 
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Fig.  1 Coordinate  System 
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NUMERICAL CODE COMPARISON PROJECT- 
A NECESSARY STEP TOWARDS C O N F I D E N C E  IN GEOTHERMAL 

R E  SERVO I R SI MU LATO RS 

Michael L.  Sorey 
U.S. Geological Survey 
Menlo Park,  California 

Numerous computer codes capable of solving the general geothermal 
reservoir engineering problem involving mutiphase flow of f luid and heat 

have been developed over the past several years. A t  the present time, 
the val idi ty  of resul ts  obtained using these simulators t o  model the 
performance and predict the response of real geothermal systems i s  the 

subject of concern both  t o  those involved in developing and managing 
geothermal resources and to  those involved w i t h  financing such enter- 
prises.  Do these codes accurately simulate the physical processes 
believed t o  be important? Can simulator users develop r e a l i s t i c  con- 
ceptual models and appropriate values of input parameters t o  insure tha t  
numerical models of particular reservoirs yield valid resul ts?  

thermal reservoir in New Zealand (Mercer and Faust 1979; Garg, Rice, and 
Pr i tche t t ,  1979) demonstrates t h a t  problems involved i n  applying these 
codes t o  real systems are significant (Sorey and Fradkin, 1979; Donald- 
son and S o r e y ,  1979), and t h a t  r e s u l t s  o b t a i n e d  f r o m  v a r i o u s  models can 

be quite different.  
ences and i n  evaluating the usefulness of numerical simulators fo r  

geothermal reservoi r analysis i s  the comparison of simulator resul ts  for 
a s e t  of well-specified problems involving processes applicable in 
reservoir analysi s. 

Under the direction of D O E ' S  Geothermal Reservoir Engineering 
Management Program ( G R E M P ) ,  a s e t  o f  six t e s t  problems has been de- 
veloped i n  an attempt t o  meet t h i s  need. The problem se t  covers a range 

of reservoir si tuations including single- and two-phase flow under 1, 2 ,  
and 3 dimensional conditions. Each problem has been t e s t  run t o  insure 

t h a t  the parameter specifications will yield workable solutions, and in 
several cases analytical solutions are available f o r  comparison. Brief 

Experience gained in several attempts t o  model the Wairakei geo- 

A necessary f i r s t  step in resolving such differ-  
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descriptions of the problems are  given below i n  each problem, the de- 
s i r ed  gr id  and time-step s izes  were specified t o  minimize differences in 
r e su l t s  due t o  numerical d i scre t iza t ion .  

A Request for Proposals fo r  the Code Comparison Project was issued 

i n  June, 1980, t h r o u g h  DOE'S San Francisco Operations Office. Proposals 
were accepted up unt i l  July 7, 1980 from any group possesing a numerical 
simulator capable of solving a m i n i m u m  of two of the tes t  problems. Four 
contracts  were awarded ef fec t ive  September 1, 1980. Selection of pro- 
posals was based on technical merit and cost. While the number of 
groups par t ic ipat ing was n o t  large,  the codes involved a re  f e l t  t o  be 
representat ive of the range of numerical simulators current ly  being 
applied t o  geothermal reservoir  analysis.  In one case, a non-code 
developer will  use a commercially avai lable  code to  r u n  f ive  of the s i x  
t e s t  problems. Par t ic ipat ing groups include Intercomp, Geotrans, Science 
Systems and Software, and Stanford University. 

simulation of s ing le  and two-phase flow of pure water and steam i n  one 
and two dimensions. Many of the codes posses additional capab i l i t i e s  
which may be needed in spec i f ic  reservoir  s i tua t ions  including, fo r  
example, simulation of subsidence, noncondensible gas flow, and f lu ids  
w i t h  h i g h  dissolved so l ids  content. 
and special  simulator capab i l i t i e s  fo r  most of the well-documented codes 
in  use today a re  given by Pinder (1979) and P r i t che t t  (1979). 

The term of  each contract  was three months, including par t ic ipat ion 
i n  the 1980 Stanford Workshop. 
f o r  completion of the problems proposed f o r  solution by each group and 
del ivery of specified r e su l t s  t o  DOE. 
evaluations of results fo r  each problem will be presented a t  the Workshop 
by the individules who developed the test  problems. 
the Code Comparison Project will be issued in ear ly  1981. 

The basic code capab i l i t i e s  deemed necessary in t h i s  project  included 

Details on the solution techniques 

Two and one half months were a l lo t t ed  

Preliminary comparisons and 

A f ina l  report  on 

Problem 1: 1-D Avdonin Solution 
This problem involves radial  flow of f lu id  and heat in a l iquid-  

Fluid flow is approximately steady-state and saturated porous media. 
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i s  transported by conduction and convection. Water a t  16OoC i s  injected 
in to  a reservoir  i n i t i a l l y  a t  17OoC, and flow occurs from a well a t  zero 
radius t o  an outer  boundary a t  1000 m. 

for  comparison w i t h  the analyt ical  solution of Avdonin (1964).  O u t p u t  
specif icat ions include temperature versus radial distance f o r  a fixed 
time and temperature versus time a t  a fixed radius. 
Problem 2: 1 - D  Well-Test Analysis 

Each case t r e a t s  radial  flow t o  a constant-discharge l i ne  sink in homo- 
geneous porous media. 
case B the f lu id  i s  a two-phase mixture with both steam and water mobile, 
and i n  case C the  f lu id  changes from compressed l iquid t o  a two-phase 
mixture as  the f lash f r o n t  moves away from the well. 
problem under case B conditions involves constant discharge from a one- 
node reservoir.  
accurate semi-analytical solution i s  available for comparison with 
numerical resu l t s .  Solutions w i  11 consis t  of pressure, saturat ion,  and 
flowing enthalpy changes as functions of time/distance squared. Relative 
permeability functions based on the Corey equations a re  t o  be used 
throughout under two-phase conditions. 

Fluid properties are  held constant 

This problem involves a s e t  of four t rans ien t  wel l - tes t  cases. 

In case A the f lu id  i s  single-phase l iqu id ,  i n  

An additional 

For each case e i the r  an exact analyt ical  solution o r  an 

Problem 3: 2-D Flow t o  a Well in Fracture/Block Media 
This problem represents a simplification of the general problem of 

well t e s t ing  i n  fractured reservoirs.  A well producing a t  constant 
d i scha rge  i s  open t o  a hor izonta l  f r a c t u r e  of  l a r g e  l a t e r a l  e x t e n t .  
Radial flow in the f rac ture  ( t rea ted  as a h i g h  permeability porous 
layer )  induces ver t ical  flow from an adjacent low permeability block of 
f i n i t e  ver t ical  dimension. For application to  vapor-dominated reservoirs , 
only the steam phase i s  mobile. Simulations with and without a boil ing 
l i q u i d  phase i n  the block are  t o  be included. O u t p u t  specif icat ions 
consis t  of well-face pressure and pressure and saturat ion a t  one point 
i n  the block as functions of time. 
Problem 4: Expanding Two-phase System w i t h  Drainage 

T h i s  problem involves one-dimensional ver t ical  flow under both 
s ingle  and two-phase conditions. 
l iqu id  i s  disturbed by mass withdraw1 a t  the bottom. 

An i n i t i a l l y  hydrostatic column of 
Boiling occurs 
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near the t o p  of the column and extends downward. 
temperature specif icat ions a t  the t o p  of the column re su l t  i n  inflow of 
cold water a t  t h i s  boundary. 
uniform and r e l a t ive  permeability functions based on the Corey equations 
a re  used i n  the two-phase region. 
some of the dominant features i n  the response of a liquid-dominated 
reservoir  t o  production from depth. The desired o u t p u t  includes pressure, 
temperature, and saturat ion var ia t ions a t  several depths , the discharge 
enthalpy his tory of the produced f lu id ,  and recharge ra tes  and cumu- 
l a t i v e  recharge a t  the surface. 
Problem 5: Flow i n  a 2-D Areal Reservoir 

T h i s  problem involves s ingle  and two-phase flow in a two-dimensional 

Constant pressure/ 

The permeability d is t r ibu t ion  i s  non- 

In pr incipal ,  t h i s  problem simulates 

horizontal reservoir.  Mass i s  produced a t  one point i n  the reservoir  
and recharge i s  induced over one of the l a t e ra l  boundaries. The f lu id  
i s  i n i t i a l l y  a1 1 1 i q u i d  w i t h  a non-uniform temperature d i s t r i b u t i o n  
(16OoC-24O0C). Two cases fo r  the production s t ra tegy are  to  be simu- 
la ted .  
duces a t  constant mass fo r  10 years. In case B y  an inject ion well i s  
added near another corner of the f i e l d  which in jec ts  8 O o C  water a t  
constant r a t e  a f t e r  1 year of production. 

temperature a t  selected points,  discharge enthalpy his tory in the pro- 
duction well , and var ia t ions w i t h  time i n  t o t a l  mass o f  steam i n  the 
reservoir .  In addition, for  those simulators w i t h  subgrid or near-well 
models, var ia t ions i n  the sandface pressure and saturat ion a t  the 
production well and sandface pressure a t  the inject ion well a re  t o  be 
given. 
Problem 6: Flow in a 3-D Reservoir 

In cases A and B y  a well close to  one corner of  the f i e l d  pro- 

O u t p u t  requirements include var ia t ions with time o f  pressure and 

This problem involves multi-phase flow in a three dimensional 
reservoi r ,  with production from one corner grid block and constant 
pressure upper and lower surfaces. The f lu id  is  i n i t i a l l y  single-phase 

l i qu id ,  except in one layer  where an immobile steam phase ex i s t s .  
I n i t i a l  conditions a re  functions of depth only, including a hydrostatic 

‘pressure d is t r ibu t ion .  The grid consis ts  o f  f ive  layers w i t h  25 nodes i n  
each layer.  Production s t ra tegy involves a variable mass flux from one 
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node with a t o t a l  production time of 10 years. 
includes pressure, temperature, and saturat ion a t  selected points and 
the discharge enthalpy history.  

The desired o u t p u t  
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WELL LOG INTERPRETATION OF THE CERRO P R I E T O  FIELD 

I .  Ershaghi, S. Ghaemian 
Department o f  Petroleum Engineer ing 

U n i v e r s i t y  o f  Southern C a l i f o r n i a  
Los Angeles, CA 90007 

INTRODUCTION 

The bas ic  o b j e c t i v e  i n  geothermal w e l l  logging i s  the detec- 
t i o n  o f  moderate to h igh  pe rmeab i l i t y  zones con ta in ing  h igh  
temperature f l u i d s .  Furthermore, i d e n t i f i c a t i o n  of l i t h o l o g y  and 
f l u i d  composi t ion w i l l  a i d  i n  reg iona l  mapping o f  the  resource 
area. 

Most geothermal systems a re  found i n  l i t h o l o g i c a l  u n i t s  
uncommon i n  petroleum exp lo ra t i on .  To study complex l i t h o l o g i e s ,  
one needs c a l i b r a t i o n  data which a t  the  present t ime do no t  e x i s t  
f o r  many minera log ica l  u n i t s .  For s impler  systems, such as 
sedimentary type, convent ional  w e l l  logs may have some a p p l i c a t i o n .  

Consider a sand-shale se r ies  type o f  sediments exposed t o  
hydrothermal f l u i d s .  Because of exposure t o  h igh  temperatures and 
as a consequence o f  r o c k - f l u i d  i n t e r a c t i o n ,  the p roper t i es  o f  the  
rock may undergo severe a l t e r a t i o n s .  The degree o f  such a l t e r a -  
t i o n  i s  dependent upon the  rock pe rmeab i l i t y .  The h igher  the  
pe rmeab i l i t y ,  the  more sur face  area i s  a v a i l a b l e  t o  the  invading 
hydrothermal f l u i d s .  Thus, the na ture  o f  a l t e r a t i o n  i n  permeable 
sand i s  expected t o  be d i f f e r e n t  than t h a t  i n  the  shales. 

Hydrothermal a l t e r a t i o n  may r e s u l t  i n  the  format ion of  micro-  
f rac tu res .  I t  may change the  chemist ry  o f  the  cementation ma te r ia l  
and var ious  metamorphic reac t ions  may happen inc lud ing  dehydrat ion 
and decarbonat ion.  

To examine how these changes a f f e c t  the  w e l l  l og  responses i n  
a sedimentary type geothermal f i e l d ,  we s tud ied  the  w e l l  logs from 
the  Cerro P r i e t o  f i e l d  i n  Mexico. A f a i r  amount o f  w e l l  logs a r e  
a v a i l a b l e  f o r  the  f i e l d .  Copies o f  the  logs were obta ined through 
the  Lawrence Berkeley Laboratory.  

D E S C R I P T I O N  OF THE FIELD 

The Cerro P r i e t o  f i e l d  i s  located on a p l a i n  i n  Mex ica l i  
Imper ia l  r i f t  v a l l e y ,  F ig .  1 .  I t  covers an area o f  7400 acres.  
The i n s t a l l e d  capac i ty  o f  the  f i e l d  i s  c u r r e n t l y  150 MW and by 
1985 plans a r e  t o  boost the  power ou tpu t  t o  400 MW w i t h  the  
eventual  goal o f  1000 MW. 

Among the many s tud ies  conducted on l i t h o l o g y ,  the one t h a t  
r e l a t e s  c l o s e l y  t o  the sub jec t  o f  our  d iscuss ion  i s  the  X-ray 
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diffraction data published by Elders et al.’ 
indications are that in the hydrothermally altered zones clays are 
found in dehydrated form and considerable reduction in rock 
porosity may have happened. 

From their studies, 

METHOD OF STUDY 

Because of nonexistence of high temperature tools, well logs 
were run in the field under a pre-cooled borehole condition. The 
most complete suite of logs available includes @Dc, y-ray, DIL, 
SP, CNL with occasional acoustic, dipmeter and temperature logs. 

The behavior o f  interstitial clays was scrutinized on the well 
log responses. Observations made were related to clay composition. 
The onset depth of the hydrothermally altered zone was determined 
through a series of crossplots. 

OBSERVATIONS AND DISCUSSION 

One of the significant features of the conductivity logs is 
the sudden drop in electrical conductivity within the hydrothermally 
altered zones, Fig. 2 .  This drop coincides with an anomalous rise 
in the recorded SP, Fig. 3 .  Using a Waxrnan-hit2 type model to 
represent the behavior of shaly sands, the reduction in conduc- 
tivity may be attributed to low salinity, loss of clay surface 
conduction, loss of porosity or a combination of the above. 

Both core data and Compensated Density Log indicate reduction 
of porosity in the altered zones. This in turn i s  reflected in 
the increase in formation resistivity factor. Both LL8 and ILd 
reflect this phenomena, Fig. 4. However, the rate of increase in 
LL8 is much higher than the rate observed for ILd. This difference 
may be caused by the difference in composition between the mud 
filtrate and formation water. 
Q, the difference in responce may be related to th 
conductivity effect. As it has been shown earlier,5 at low 
salinities, surface conductivity has a greater impact on rock 
conductivity. 

Since Rmf is generally higher than 
surface 

The increase in SP may be caused by several factors such as 
the streaming potential, high salinity, divalent cations, and the 
change in the nature of clay particles. 

The alteration of clays in shales seems to be limited 
structurally and is evident as induration effect as seen from the 
$cw and OD responses. However, the hydrogen index for such zones 
seems relatively unchanged since @CN still reads higher than $D, 
Fig. 5. 

For shaly sand the hydrogen index in shallow and unaltered 
zones is relatively significant, Fig. 6 ,  while in altered zones a 
reversal o f  the two porosity curves occurs. 
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Unfortunately, in no case did we see evidence of 3 porosity 
logs for a given well. In rare instances where both acoustic and 
density log data are available, the evidence of micro-fractures 
may be seen from the difference in responses of the two tools. 

Spiderweb diagrams prepared for the wells show recognizable 
patterns for altered and unaltered zones. 
examples of such comparison. 

Figures 7 and 8 are 

Complete lithological analyses using the well log data is not 
currently possible because of insufficient data. The technique 
discussed in this paper, however, may be used to locate hydrother- 
mally altered zones and construct structural maps of the reservoir. 
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GEOTHERMAL ENERGY EXTRACTION MODELING 

D. Nelson, P. Kruger, A. Hunsbedt 
Stanford University 

INTRODUCTION 

Progress in energy extraction modeling of hydrothermal reservoirs 
has been achieved in two major directions. One was the development of an 
analytic model of heat transfer in a fractured geothermal system. The other 
was an experimental study of the effects of thermal stressing on rock 
strength and porosity. 

The analytic model of linear sweep heat transfer was developed by 
Iregui et a1 (1978)  and described by Hunsbedt et a1 (1979) .  This one- 
dimensional model calculates the water temperature as a function of time 
and position in the idealized geothermal system depicted in Fig. 1. Cold 
water enters the reservoir through a series of injection wells at one end 
and flows horizontally to a series of production wells at the other end. 
The injection and production flow rates are steady and the permeability 
of the formation is such that the flow is considered uniform. Reservoir 
pressure prevents boiling at any point in the formation. Results from 
the analytic model are compared with experimental data obtained from the 
Stanford Geothermal Program (SGP) large reservoir model, shown schematically 
in Fig. 2. 

In fractured hydrothermal reservoirs, circulation of colder water 
induces tensile thermal stress at and below the rock surface. Murphy (1978) 
has shown analytically that such stresses have the potential to create 
self-driven cracks of sufficient depth and aperture to enhance energy 
extraction and prolong useful production life. 
of producing self-driven cracks, thermal stressing may also influence both 
the mechanical and thermal properties of the rock. Changes in these 
properties may alter ;he heat transfer characteristics of the rock over 
the production period of a reservoir. To gain some insight into the 
potential significance of the effects of thermal stressing on heat transfer 
characteristics, an exploratory study was conducted to observe the effects 
of thermal stressing on rock strength and porosity. 

Aside from the potential 

ENERGY EXTRACTION MODELING 

The linear sweep model estimates reservoir rock-to-water heat transfer 
by treating a collection of rock fragments as an equivalent sphere. Water 
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temperature- t ime b e h a v i o r  i s  computed from t h e  f o l l o w i n g  p a r t i a l  d i f f e r e n t i a l  
e q u a t i o n s  and i n i t i a l  and boundary c o n d i t i o n s :  

* * * 
* * + -  1 aTr * - + - -  = q  

ax a t  Y a t  
a-r, aTf * 

* 
aTr = * * 

t u  (Tf - Tr 
- * a t  

* *  * *  * 
Tf (x  ,o)  = T r  ( x  , o )  = 1, o f x - < 1 

* * * 
Tf ( o , t  ) = o t > o  

T f *  = 

d i s t a n c e  from t h e  i n l e t  w e l l s  
d i s t a n c e  between i n l e t  and p r o d u c t i o n  w e l l s  
x/L 
t i m e  
t /  t r e  
water r e s i d e n c e  t i m e  = L@/uf 
r o c k  matrix p o r o s i t y ,  uf = water v e l o c i t y  

normalized water temp. = 
T f ( x , t )  - T i n j e c t i o n  

T i n i t i a l  - T i n j e c t i o n  

T r  (x, t )  - T i n j e c t i o n  

T i n i t i a l  - T i n j e c t i o n  
normalized rock temp. = 

P f  Cf 0 
y = s t o r a g e  r a t i o  = - - Prcr 1 - @ 

p f , p r  = water and r o c k  d e n s i t y ,  r e s p e c t i v e l y  
Cf 9 C r  = water and r o c k  s p e c i f i c  h e a t ,  r e s p e c t i v e l y  

q* = normalized e x t e r n a l  heat t r a n s f e r  i n t o  
qL r o c k  m a t r i x  = 

fi Cf ( T i n i t i a l  - T i n j  e c t i o n )  

1;1 = mass f low rate 
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Ntu = number of transfer units = tre/-ce 

R 2  e 

Re = effective rock radius, a = thermal diffusivity 

NBi = rock Biot number 

These equations were solved using a Laplace transform technique combined 
with a numerical inversion algorithm developed by Stehfest (1970) .  

The solution for the water and rock temperatures in the Laplace space 
are : 

- -KsX* 1 - I -  + - I  I I-e " *  
Tf 

r q * .  1 r .  
2 I Ks S I I 

L J 

- 1 A *  
- 

S+Ntu Tr 

N tu where: K = 1 + Y (s+Ntu) 

* 
-KsX l-e 

( 3 )  

( 4 )  

The water and rock temperatures as functions of time and space were 
obtained by the numerical inversion technique with variables of the form 

Initial comparison of analytic and experimental data obtained from the 
SGP reservoir model was presented by Hunsbedt et a1 (1979) .  Further com- 
parisons were given by Nelson and Hunsbedt (1979) incorporating data from 
the most recent experiment. 

The comparison of experimental water temperatures with sweep model 
results obtained by the Laplace transform/numerical inversion solution 
showed considerable disagreement for some points in the SGP model. Fig. 3 
shows the experimental and predicted water temperatures as functiorls of 
time at various locations along the model centerline. It is noted that 
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t h e  s l o p e  of t h e  p r e d i c t e d  temperature  curves  are g e n e r a l l y  g r e a t e r  than 
t h e  exper imenta l  d a t a  sugges t .  

The sweep model w a s  a l s o  eva lua ted  us ing  a f i n i t e  d i f f e r e n c e  s o l u t i o n  
t o  check t h e  adequacy of t h e  Laplace t ransform s o l u t i o n .  Comparison of 
f i n i t e  d i f f e r e n c e  r e s u l t s ,  a l s o  given i n  Fig.  3,  wi th  t h e  Laplace s o l u t i o n  
shows poor agreement. The f i n i t e  d i f f e r e n c e  technique w a s  examined f u r t h e r  
by vary ing  t i m e  s t e p  and mesh s i z e ,  bu t  no s i g n i f i c a n t  improvement i n  
r e s u l t s  w a s  obtained.  

The obse rva t ion  t h a t  t h e  p red ic t ed  temperature  ve r sus  t i m e  curves  are  
g e n e r a l l y  s t e e p e r  than  t h e  experimental  curves  l e d  t o  a c l o s e r  examination 
of t h e  a c t u a l  behavior  of t h e  p h y s i c a l  system and t h e  modeling assumptions.  
One of t h e  r e s u l t s  w a s  an observa t ion  t h a t  t h e  temperature-time c h a r a c t e r i s t i c  
of t h e  water e n t e r i n g  t h e  SGP model fo l lows  an exponen t i a l  r a t h e r  than a 
s t e p  change assumed i n  t h e  a n a l y t i c  model. The e f f e c t  of an  exponen t i a l  
r educ t ion  i n  water i n l e t  temperature  w a s  i n v e s t i g a t e d  us ing  t h e  Laplace 
s o l u t i o n ,  and r e s u l t s  are given i n  Fig.  4 .  It i s  noted t h a t  t h e  s l o p e s  of 
t h e  p r e d i c t e d  curves  are s i m i l a r  t o  those  of t h e  experimental  d a t a .  However, 
a t i m e  l a g  i s  p r e s e n t  i n  t h e  p r e d i c t e d  curves t h a t  might be r e l a t e d  t o  
a x i a l  h e a t  conduct ion i n  t h e  rocklwater  ma t r ix  and non-uniform h e a t  t r a n s f e r  
from t h e  s tee l  vessel. The l a t t e r  e f f e c t  i s  c u r r e n t l y  modeled by a cons t an t  
hea t  t r a n s f e r  t e r m ,  as shown p rev ious ly  i n  Eq.  1. 

The e f f e c t  of a x i a l  conduction w a s  i n v e s t i g a t e d  wi th  a f i n i t e  d i f f e r e n c e  
s o l u t i o n ,  and r e s u l t e d  i n  a r educ t ion  of bo th  t h e  s l o p e  and t i m e  l a g  of t h e  
c a l c u l a t e d  temperature-time curves.  S tud ie s  of t h e  combined e f f e c t s  of 
a x i a l  conduct ion and exponen t i a l  water i n l e t  temperature  r educ t ion  are n o t  
y e t  completed, bu t  are expected t o  g ive  p r e d i c t e d  r e s u l t s  which ag ree  more 
c l o s e l y  w i t h  t h e  exper imenta l  d a t a .  However, i t  i s  clear t h a t  t h e  mathe- 
m a t i c a l  modeling of t h e  l abora to ry  model needs f u r t h e r  improvement. 

I n  a t t empt ing  t o  model t h e  long-term h e a t  t r a n s f e r  behavior  of l a rge -  
scale f r a c t u r e d  hydrothermal systems, s e v e r a l  u n c e r t a i n t i e s  i n  t h e  p r e s e n t  
sweep model need t o  be  reso lved .  One concerns t h e  i n f l u e n c e  of h e a t  t r a n s f e r  
from t h e  steel  v e s s e l ,  which releases an amount of energy comparable t o  t h a t  
from t h e  rock loading.  Another i s  modeling hea t  t r a n s f e r  from t h e  d i s t r i b u -  
t i o n  of rock fragments comprising a p a r t i c u l a r  geothermal r e s e r v o i r  h e a t  
source.  Also,  t h e  p o t e n t i a l  change i n  rock h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  
r e s u l t i n g  from thermal  s t r e s s i n g  due t o  r e s e r v o i r  r e i n j e c t i o n  needs t o  be 
i n v e s t i g a t e d  and, i f  s i g n i f i c a n t ,  incorpora ted  i n  t h e  model. 

THERMAL STRESS EXPERIMENTS 

To exp lo re  t h e  e f f e c t  of thermal  s t r e s s i n g  on rock s t r e n g t h  and 
p o r o s i t y ,  r e c t a n g u l a r  g r a n i t e  s l a b s  w e r e  hea ted  t o  450'F. 
t h e  s l a b s  w e r e  i n s u l a t e d .  A f t e r  a uniform temperature  had been achieved, 
t h e  i n s u l a t i o n  on one end of t h e  s l a b  w a s  qu ick ly  removed and t h e  f a c e  quenched 
wi th  a 70°F w a t e r  spray.  This  produced t e n s i l e  thermal  stress on and below 

A l l  s i d e s  of 
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t h e  quenched f a c e  and compressive thermal stress deeper i n  t h e  s l ab .  Details 
of t h e  temperature-time and t r a n s i e n t  thermal  stress behavior i n  t h e  s l a b s  
w e r e  repor ted  p rev ious ly  by Nelson and Hunsbedt (1979). 

Af t e r  quenching, t h e  s l a b s  were c u t  i n t o  smaller r ec t angu la r  specimens 
and loaded t o  f r a c t u r e  i n  three-point  bending. It  w a s  found t h a t  specimens 
taken from reg ions  of t e n s i l e  thermal  stress had, on average,  less than one- 
ha l f  t h e  s t r e n g t h  of unquenched specimens. On t h e  o t h e r  hand, t h e r e  w a s  
no l o s s  of s t r e n g t h  i n  specimens taken from regions  of compressive thermal 
stress. Loss of s t r e n g t h  w a s  no t  due t o  hea t ing  alone.  It  w a s  a l s o  ob- 
served t h a t  repea ted  t e n s i l e  thermal s t r e s s i n g  ( f i v e  cyc le s )  reduced s t r e n g t h  
t o  at>out one-third of t h a t  i n  unquenched rock. The reduct ion  i n  s t r e n g t h  
may be due t o  microcracking caused by t e n s i l e  thermal stress. 

Poros i ty  measurements were made on t h e  same specimens used i n  t h e  bend 
tests. The average p o r o s i t y  of unquenched specimens w a s  1 .6%, whereas t h e  
average f o r  specimens experiencing one and f i v e  a p p l i c a t i o n s  of t e n s i l e  
thermal stress w a s  3.8% and 4.8%, r e spec t ive ly .  The i n c r e a s e  i n  p o r o s i t y  
may a l s o  be a r e s u l t  of microcracking. 

The above r e s u l t s  w e r e  ob ta ined  from tests conducted a t  atmospheric 
pressure .  I d e a l l y ,  such experiments should be  conducted under s imulated 
t e c t o n i c  stresses. Never the less ,  t h e  observed r educ t ion  i n  rock s t r e n g t h  
and increase i n  p o r o s i t y  caused by t ens i l e  thermal  stress may favor  forma- 
t i o n  and growth of s e l f -d r iven  thermal  c racks  i n  geothermal r e s e r v o i r s .  It 
a l s o  seems p l a u s i b l e  t h a t  t e n s i l e  thermal  stress may a l te r  rock h e a t  t r a n s f e r  
c h a r a c t e r i s t i c s  (e.g., thermal  conduc t iv i ty ) .  Fur ther  tests are underway 
t o  i n v e s t i g a t e  t h i s  p o s s i b i l i t y .  

FUTURE EFFORTS 

Addi t iona l  h e a t  e x t r a c t i o n  experiments i n  t h e  SGP l a r g e  r e s e r v o i r  model 
are underway. These experiments w i l l  u t i l i z e  r e g u l a r l y  shaped, l a r g e  g r a n i t e  
blocks.  This  rock loading  w i l l  a l low a more d e t a i l e d  a n a l y s i s  of t h e  h e a t  
t r a n s f e r  behavior  us ing  t h e  one-lump parameter a n a l y t i c  model adapted f o r  
rocks wi th  a known s i z e  and shape d i s t r i b u t i o n .  The experiments w i l l  a l s o  
test  t h e  in f luence  of t h e  number of h e a t  t r a n s f e r  u n i t s  parameter ,  N t u ,  on 
model behavior.  It i s  a n t i c i p a t e d  t h a t  N va lues  w i l l  be as low as 3.0,  
which i s  w e l l  i n t o  t h e  r e s e r v o i r  “hea t  t r a n s f e r  l imi t ed”  reg ion ,  t h a t  is ,  
where l a r g e  rock-to-water temperature  d i f f e r e n c e s  e x i s t .  
should a l s o  induce s i g n i f i c a n t  t e n s i l e  thermal  stresses i n  t h e  rock. 

t u  

Those d i f f e r e n c e s  

A second major e f f o r t  i s  t h e  improvement of t h e  a n a l y t i c a l  means t o  
eva lua te  experimental  da t a .  The f i r s t  s t e p  is  t o  develop a f i n i t e  element 
model t o  account f o r  t h e  h e a t  t r a n s f e r  from t h e  steel  vessel  of t h e  SGP 
r e s e r v o i r  model. Removal of t h a t  component from t h e  h e a t  e x t r a c t i o n  d a t a  
w i l l  i n c r e a s e  the  understanding and use fu lness  of t he  one-lump rock h e a t  
t r a n s f e r  model Over t h e  range of Ntu. A second s t e p  w i l l  be  t o  eva lua te  
experimental  r e s u l t s  w i t h  t h e  c u r r e n t  sweep model us ing  t h e  Laplace t rans-  
form s o l u t i o n  i n  o rde r  t o  f u r t h e r  develop t h e  model as a s imple means f o r  
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a s s e s s i n g  h e a t  t r a n s f e r  performance of f r a c t u r e d  geothermal r e s e r v o i r s .  A 
t h i r d  s t e p  w i l l  b e  t o  i n c o r p o r a t e  t h e  r e s u l t s  of thermal  s t r e s s i n g  exper i -  
ments from t h e  l a r g e  b lock  loading  i n t o  t h e  model t o  account f o r  p o s s i b l e  
changes i n  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s .  
development of t h e  model t o  ana lyze  t h e  hea t  t r a n s f e r  performance of f u l l -  
s c a l e  f r a c t u r e d  hydrothermal systems, such as t h e  Baca f i e l d  i n  New Mexico 
and t h e  Los Alamos f r a c t u r i n g  experiment a t  t h e  S i t e  2 l o c a t i o n .  

The f i n a l  s t e p  w i l l  be  t h e  
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FIGURE 1. LINEAR SWEEP MODEL 
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FIGURE 2 .  SGP RESERVOIR MODEL 
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FIGURE 3 .  COMPARISON OF EXPERIMENTAL AND PREDICTED RESERVOIR TEMPERATURES 
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FIGURE 4 .  COWARISON OF EXPERIMENTAL DATA WITH LAPLACE SOLUTION 
FOR AN EXPONENTIAL I N L E T  BOUNDARY CONDITION 
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COMPARISON OF TWO HOT DRY ROCK GEOTHERMAL RESERVOIRS 

H. D. Murphy, J. W. Tester ,  and R. M. Pot te r ,  
U n i v e r s i t y  o f  C a l i f o r n i a ,  Los Alamos S c i e n t i f i c  

Laboratory,  Los Alamos, New Mexico 87545 

Two ho t  d r y  rock  (HDR) geothermal energy r e s e r v o i r s  were c rea ted  
by h y d r a u l i c  f r a c t u r i n g  o f  g r a n i t e  a t  2.7 t o  3.0 km (5000 t o  10 000 
f t )  a t  t he  Fenton H i l l  s i t e ,  near t h e  Va l les  Caldera i n  nor thern  New 
Mexico. Both r e s e r v o i r s  a re  research rese rvo i r s ,  i n  the  sense t h a t  
bo th  are f a i r l y  smal l ,  genera l l y  y i e l d i n g  5 MWt o r  less ,  and a re  
intended t o  serve as t h e  bas ic  b u i l d i n g  b locks  o f  commercial-sized 
r e s e r v o i r s ,  c o n s i s t i n g  o f  10 t o  15 s i m i l a r  f r a c t u r e s  t h a t  would y i e l d  
approx imate ly  35 MWt over  a 10 t o  20 y r  per iod.  Both research reser -  
v o i r s  were c rea ted  i n  t h e  same w e l l - p a i r ,  w i t h  energy e x t r a c t i o n  w e l l  
number 1 (EE-1) serv ing  as the  i n j e c t i o n  we l l ,  and geothermal t e s t  
we l l  number 2 (GT-2) se rv ing  as t h e  e x t r a c t i o n ,  o r  product ion,  we l l .  
The f i r s t  r e s e r v o i r  was c rea ted  i n  t h e  low pe rmeab i l i t y  host rock  by 
f r a c t u r i n g  EE-1  a t  a depth of 2.75 km (9020 f t )  where t h e  indigenous 
temperature was 185°C (364°F) . Reservo i r  performance was evaluated by  
a 75-day l ong  pe r iod  of c losed- loop opera t i on  from January 28 t o  A p r i l  
13, 1978. Hot water f rom the  p roduc t i on  w e l l  was d i r e c t e d  t o  a 
wa te r - to -a i r  heat exchanger where t h e  water was cooled t o  25°C before  
r e i n j e c t i o n .  The r e l a t i v e l y  low power produced d i d  no t  economical ly  
j u s t i f y  t h e  convers ion o f  t h e  geoheat t o  b e n e f i c i a l  usage, so i t  was 
s imply  d i s s i p a t e d  t o  the  atmosphere b y  t h i s  heat exchanger. 
cooled water, i n  a d d i t i o n  t o  t h e  makeup water t h a t  was requ i red  t o  
rep lace  downhole losses  t o  t h e  rock  surrounding the  f r a c t u r e ,  was then 
pumped down t h e  i n j e c t i o n  we l l  and then  through t h e  f r a c t u r e  system. 
Heat was t r a n s f e r r e d  t o  t h e  water by  means o f  conduct ion w i t h i n  the  
n e a r l y  imperv ious rock  cont iguous t o  t h e  f r a c t u r e  sur faces and t h e  
heated water was withdrawn by  means o f  t h e  produc t ion  we l l .  Resu l ts  
o f  t h e  75-day assessment o f  t h e  f i r s t  r e s e r v o i r  were presented by  
Murphy e t  a l .  (1978), Tes ter  and A1 b r i g h t  (1979), and Murphy and 
Tes ter  (1979) b u t  a re  sumnarized f o r  comparison w i t h  t h e  second 
r e s e r v o i r  be l  ow. 

e x i s t i n g  f r a c t u r e  a t  2.93 km (9620 f t )  i n  t h e  i n j e c t i o n  we l l  about 100 
m deeper and 10°C h o t t e r  than the  f i r s t  r e s e r v o i r .  
l a r g e  f r a c t u r e  propagated upward t o  about 2.6 km (8600 f t )  
peared t o  have an i n l e t - t o - o u t l e t  spacing o f  300 m (1000 f t ) ,  more 
than t h r e e  t imes t h a t  o f  t h e  f i r s t  f r a c t u r e .  Comparisons a r e  made 
w i th  the  f i r s t  r e s e r v o i r  i n  Table 1. Eva lua t i on  o f  t he  new r e s e r v o i r  
was accomplished i n  two steps: (1 )  w i t h  a 23-day heat  e x t r a c t i o n  
experiment t h a t  began October 23, 1979, t h e  r e s u l t s  o f  which a re  
descr ibed by  Murphy (1Y80), and ( 2 )  a-second, longer - te rm heat ex- 
t r a c t i o n  exper iment s t i l l  i n  progress,  which as o f  November 25, 1980 
has been i n  e f f e c t  f o r  260.days. The r e s u l t s  of t h i s  c u r r e n t  exper i -  
ment a re  compared wi th  ear‘l’ier exper iments be l  ow. 

The 

A second, l a r g e r  r e s e r v o i r  was formed by extending a smal l ,  

The r e s u l t i n g  
and ap- 
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TABLE 1. 

CHARACTERISTICS OF R E S E R V O I R  SYSTEMS STUDIED 
WITH FIRST PAIR OF WELLS 

F i r s t  Reservoir Second Reservoir 
Charac te r i s t ic  May 1977 - Jan. 1979 Jan. 1979 - Present 

E E - 1  in jec t ion  hole Before recementi ng After recementi ng 
condition 

Main in jec t ion  zone 
location in E E - 1  

2.75 km (9020 f t )  2.93 km (9620 f t )  

Main production zone 2.6 - 2.7 km 2.6 - 2.7 km 
locat ions in GT-2 (8600 - 8850 f t )  (8600 - 8850 f t )  

Average we1 1 bore 
separation between 
EE-1  and GT-2 in  
the production 
interval  

100 m (300 f t )  300 m (900 f t )  

RESERVOIR GEOMETRIES AND FLOW PATHS 

Figure 1 shows the inferred geometry of b o t h  f ractures .  
f i r s t  f rac ture ,  whose or ig in  was a t  2.75 km in E E - 1 ,  i s  shown a s  the  
small ver t ica l  f rac ture  and the new f rac tu re  i s  shown t o  the l e f t  as  
the la rger  one. Both f r ac tu res  a re  shown as nearly ver t ical  because 
the planes of  hydraulic f r ac tu res  a re  orthogonal t o  the minimum ( l e a s t  

The 

Fig. 1. Inferred reservoi r  geometry. 
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compressive) component o f  t h e  t e c t o n i c  e a r t h  s t ress .  I n  t e c t o n i c a l l y  
r e l a x e d  g e o l o g i c a l  s e t t i n g s  t h i s  s t r e s s  i s  expected t o  be a h o r i z o n t a l  
one a t  depths g r e a t e r  than about 1 km and, i n  f a c t ,  i t  has been shown 
[Murphy e t  a1 ., 1 Y 7 7 )  t h a t  t h e  minimum h o r i z o n t a l  s t r e s s  a t  t h e  Fenton 
H i l l  s i t e  i s  o n l y  one-ha l f  t h e  v e r t i c a l  overburden s t r e s s  a t  a depth  
o f  2.7 k m .  The g r a n i t i c  r o c k  i n  which these f r a c t u r e s  were c r e a t e d  i s  
f a i r l y  homogeneous and u n s t r a t i f i e d ,  so i t  i s  assumed t h a t  a l l  t h e  
f r a c t u r e s  discussed here a r e  approx imate ly  c i r c u l a r  i n  shape, r a t h e r  
than r e c t a n g u l a r  as i s  u s u a l l y  assumed f o r  o i l  and gas r e s e r v o i r s  i n  
sedimentary format ions.  A l l  f r a c t u r i n g  o p e r a t i o n s  were performed w i t h  
water alone; no v i s c o s i t y  i n c r e a s i n g  agents,  l o s s - o f - f l u i d  agents, o r  
proppants were added. Subsequent pumping t e s t s  suggested t h a t ,  upon 
d e p r e s s u r i z a t i o n ,  t h e  induced f r a c t u r e s  remained p a r t i a l l y  open due t o  
t h e  " s e l  f -p ropp ing"  o f  t h e  m i s a l  igned rough sur faces  produced d u r i n g  
f r a c t u r i n g .  The second r e s e r v o i r  was c r e a t e d  b y  i n j e c t i n g  a t o t a l  o f  
1360 m3 (48 000 f t 3 )  o f  water,  r a i s i n g  t h e  downhole pressure by 200 
b a r s  (3000 p s i )  above t h e  h y d r o s t a t i c  l e v e l .  

t i o n  w e l l ,  GT-2, i s  complex and was s t u d i e d  w i t h  temperature drawdown 
and recovery  measurements, we1 1 bore  f l  ow r a t e  measurements, v i  s i  b l  e 
dye and r a d i o a c t i v e  NH,Bre2 t r a c e r  measurements, and o t h e r  l o g g i n g  
methods. T h i s  c o n n e c t i v i t y  a p p a r e n t l y  c o n s i s t s  o f  a s e t  o f  nonver- 
t i c a l  n a t u r a l  f r a c t u r e s  o r  j o i n t s  w i t h  a d i p  o f  approx ima te ly  60" t h a t  
i n t e r s e c t  b o t h  t h e  v e r t i c a l  f r a c t u r e s  and t h e  GT-2 we l lbore .  These 
j o i n t s  appear t o  be ex tens ions  o f  t h e  same ones t h a t  formed t h e  con- 
n e c t i o n s  between t h e  f i r s t  f r a c t u r e  and GT-2. The downhole tempera- 
t u r e s  and v e l o c i t i e s  o f  t h e  water  i n  t h e  connect ing  j o i n t s  were mea- 
sured a t  t h e  j o i n t / w e l l  i n t e r s e c t i o n s  w i t h  a combined temperature 
( t h e r m i s t o r )  probe and f l o w  r a t e  ( s p i n n e r )  l o g g i n g  t o o l ,  which was 
used t o  determine temperature and f l o w  r a t e  p r o f i l e s  i n  t h e  open h o l e  
r e g i o n  o f  GT-2. Both p r o f i l e s  were used t o  i n f e r  t h e  depth  o f  t h e  
connect ing  j o i n t s  and a l s o  t h e  r e l a t i v e  f l o w  r a t e  c o n t r i b u t i o n s  com- 
municated b y  each j o i n t .  

The manner i n  which t h e  f r a c t u r e s  a r e  connected w i t h  t h e  produc- 

THERMAL URHNDUWN 

D u r i n g  heat e x t r a c t i o n  t e s t s  o f  b o t h  r e s e r v o i r s ,  t h e  downhole 
temperature and f l o w  r a t e  t o o l ,  when n o t  a c t u a l l y  l o g g i n g  t h e  w e l l  , 
was p o s i t i o n e d  a t  a depth o f  2.6 km (8500 f t )  i n  t h e  p r o d u c t i o n  w e l l ,  
j u s t  above a l l  t h e  known produc ing  j o i n t s  t h a t  i n t e r s e c t  t h e  produc- 
t i o n  w e l l .  I n  t h i s  manner t h e  mixed mean o u t l e t  temperature o f  t h e  
p r o d u c t i o n  f l o w  r a t e s  converg ing  upon GT-2 was n e a r l y  c o n t i n u o u s l y  
measured. F i g u r e  2 shows t h e  temporal  d e c l i n e  o f  t h i s  temperature.  
The abrupt  change i n  c u r v a t u r e  f o r  t h e  f i r s t  r e s e r v o i r  t h a t  occurs a t  
day 25 i s  due t o  t h e  d o u b l i n g  o f  t h e  p r o d u c t i o n  f l o w  r a t e  a t  t h a t  t i m e  
f rom 6 t o  13 t / s  (100 t o  220 gpm). D e s p i t e  t h e  thermal drawdown t h i s  
inc rease i n  f low r a t e  r e s u l t e d  i n  a r o u g h l y  cons tan t  power l e v e l  a f t e r  
t h e  f i r s t  25 days. Peak power was 5.1 MWt  and t h e  average power was 
about 4 MWt. The thermal d e c l i n e  o f  t h e  f i r s t  r e s e r v o i r  was 100°C i n  
75 days. 

I n  comparison, as o f  November 2 5 ,  1980 t h e  mean o u t l e t  tempera- 
t u r e  o f  t h e  second r e s e r v o i r  had drawdown o n l y  5°C a f t e r  260 days of  
heat  e x t r a c t i o n  a t  a f l o w  r a t e  o f  6 t / s .  The i n i t i a l  temperature o f  
t h e  second r e s e r v o i r  was 157"C, 1 7 ° C  c o o l e r  t h a n  t h a t  o f  t h e  f i r s t  
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SECOND RESEARCH RESERVOIR, RUN SEOMENT 6. 
(MAR 10 - OCT 27, 19801 

MEASURED DATA THEORY. EFFECTIVE HEAT 
v TRANSFER AREA = 6O.OOO rn* 

FIRST RESEARCH RESERVOIR, RUN SEGMENT 2 
(76 - DAY TEST, JAN 27 - APR 13, 19781 

I- 100 

TRANSFER AREA= 0.000 m' 

m 1w 1w m 260 m 

Time (Days) 

Fig. 2. Comparison of thermal drawdowns, 1st  and 2nd reservoirs. 

reservoir. This difference in i n i t i a l  temperature i s  due t o  the 
thermal interaction between the closely spaced reservoirs (Figure 1 ) .  
As a consequence of the drawdown and  subsequent thermal recovery =f 
the f i r s t  reservoir, i t  i s  estimated t h a t  the temperature of the 
second reservoir was disturbed by 15 t o  20°C. These d a t a ,  in concert 
with the thermal drawdown analysis models of  Harlow and Pracht ( 1 9 7 2 )  
and McFarland and Murphy (1Y76),  resu l t  in estimates of 8000 a n d  5U 
UUU rn2 (8b UUU and 540 000 f t ' )  respectively, for  the effective heat 
t ransfer  areas o f  the two reservoirs. 

FLOW CHARACTERISTICS 

Residence Time Studies. Reservoir vol umes and dispersion char- 
ac t e r i s t i c s  were measured by injecting t racers ,  e i ther  the vis ible  dye 
Na-fluorescein, or radioactive N H , B r e 2 ,  in the injection well and 
m o n i t o r i n g  the concentration-time behavior a t  the production well 
[Tester, Potter and Bivins, 19791. 
each reservoir and t h e  ave rage  modal vol umes are presented i n  T a b l e  2 ,  
accompanied by the ea r l i e r  estimate of heat t ransfer  areas, and the 
fracture aperture derived from the r a t i o  of fracture volume and area. 
These fracture apertures are i n  accord w i t h  estimates based u p o n  
sel f-propping caused by misal igned fracture surface roughness. Pro- 
filorneter measurements on core specimens taken a t  2.7 kin in GT-2, t h a t  
i1t'i-e fractured a f te r  coring, showed t h a t ,  on a very f ine scale, rough-  
ness asper i t ies  of 0.2 m, typical of the rock grain s ize ,  were spaced 
every 0.5 mm a l o n g  the face; b u t  on a larger scale the specimens had 
surface waves of the order of 1 mn on a 10 mn spacing. Agreement of 
measured and estimated sel f-propped apertures during these t e s t s  i s  
expected because fracture f 1 uid pressures were maintained a t  level s 
below the minimum earth s t ress .  

Four injections were conducted in 

Flow Impedance. Flow impedanc.e i s  defined as the pressure d r o p  
t h r o u g h  the fracture system connecting the two wells, divided by the 
production flow rate.  As shown in F i g .  3 the impedance of the f i r s t  
reservoir declined nearly continuously and a t  the end of the experi- 
ment was less  t h a n  one-fifth i t s  i n i t i a l  value. Even impedances as 
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F ig .  3. Temporal v a r i a t i o n  o f  f l o w  impedance, 1 s t  rese rvo i r .  

h igh  as t h e  i n i t i a l  value, about 17  bars  per  L/s (16  psi/gpm) a re  
s u f f i c i e n t l y  low f o r  i n d i v i d u a l  f r a c t u r e s  conta ined i n  l a r g e r  
mu1 t i p l e - f r a c t u r e  systems o f  commercial s ize.  The t r e n d  o f  impedance 
reduc t i on  i s  we l l  c o r r e l a t e d  w i t h  t h e  thermal drawdown shown i n  Fig.  1 
and i s  probably  associated w i t h  t h e  p a r t i a l  shr inkage o f  f r a c t u r e  
faces away f rom each o the r  caused by coo l ing .  Th is  e f f e c t  i s  p a r t i c u -  
l a r l y  impor tan t  near t h e  f r a c t u r e  o u t l e t s ,  where prev ious f l o w  t e s t i n g  
had i d e n t i f i e d  l o c a l i z e d  impedances associated w i t h  t h e  j o i n t s  pro- 
v i d i n g  conmunicat ion between GT-2 and t h e  f i r s t  h y d r a u l i c  f rac tu re .  
I n  fac t ,  temperature surveys i n d i c a t e d  t h a t  severa l  c losed o r  sealed 
j o i n t s  e v e n t u a l l y  opened t o  t h e  p o i n t  where they  began t o  produce 
f l u i d .  

e s s e n t i a l l y  constant  a t  16 bar  per  11/s d u r i n g  bo th  heat e x t r a c t i o n  
t e s t s ;  no reduc t i on  w i t h  t ime  has been observed as occurred i n  t h e  
f i r s t  r e s e r v o i r ,  presumably because t h e  thermal drawdown o f  t h e  second 
r e s e r v o i r  i s  n e g l i g i b l e .  Th is  rough equivalence o f  impedance f o r  t he  
two r e s e r v o i r s  r e s u l t s  desp i te  t h e  f a c t  t h a t  t h e  f l o w  paths i n  t h e  new 
r e s e r v o i r  are several  t imes longer ;  t h e  d i s tance  between t h e  i n l e t  and 
o u t l e t s  i s  3 t imes longer  and t h e  heat  t r a n s f e r  area and volume a r e  6 
and 10 t imes l a r g e r ,  r e s p e c t i v e l y .  

I n  c o n t r a s t  t h e  impedance o f  t h e  second r e s e r v o i r  has remained 

Water Losses. 
75-day t e s t  o f  t h e  f i r s t  r e s e r v o i r ,  1 Y O O  m3 permeated i n t o  t h e  sur-  
rounding format ion.  I n i t i a l l y  t h e  r a t e  o f  l o s s  was h i g h  b u t  then i t  
dimin ished,  so t h a t  a t  t h e  end o f  t h e  t e s t  t h e  r a t e  was on ly  0.13 L / S  
( 2  gpm), o r  1% o f  t h e  produced f l o w  ra te .  A t  t h e  end o f  t h e  23-day 
t e s t  o f  t h e  second r e s e r v o i r  t h e  water l o s s  r a t e  once again dec l ined,  
t h i s  t ime  t o  a value o f  1.3 a / s  ( 2 0  gpm) o r  20% o f  t h e  produced f l o w  
ra te .  For  comparison purposes the  l o s s  r a t e  from t h e  f i r s t  r e s e r v o i r  
a f t e r  23 days was 0.7 a / s  (12 gpm). 

O f  t h e  68 000 m 3  o f  water c i r c u l a t e d  du r ing  the  

Therefore,  t h e  water loss r a t e  
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from the second r e s e r v o i r  was on ly  tw ice  t h a t  of the f i r s t  r e s e r v o i r  
a f t e r  an equ iva len t  per iod of t i m e ,  d e s p i t e  a 6- fo ld  inc rease  i n  
r e s e r v o i r  a r ea  and a 10- fo ld  i n c r e a s e  i n  volume. Furthermore i t  i s  
emphasi zed t h a t  these a r e  shor t - te rm water 1 o s s e s ;  s u s t a i n e d  hea t  
e x t r a c t i o n  o p e r a t i o n s  over  a per iod  of y e a r s  would result i n  add i t ion -  
a l  d e c l i n e  of  l o s s  r a t e s  a s  the p o r o s i t y  o f  the surrounding rock i s  
s a t i s f i e d ,  [F isher ,  19771, and i n  f a c t  our  current t e s t i n g  shows t h a t  
the  water l o s s  r a t e  f o r  the second r e s e r v o i r  i s  on ly  0.4 k l s  (6  gpm) 
a f t e r  235 days. 

TABLE 2 

RESERVOIR SIZE ESTIMATES 

E f f e c t i v e  Average 
Heat T rans fe r  Mod a1 

Area Vol ume 

(2) 2 Test ( m  ) 

First r e s e r v o i r  
(75-day t e s t )  

Second r e s e r v o i r  
(23-day t e s t )  

AC KNO WL E DG ME NTS 

8000 11.4 

50 000 111 

Average 
Ape r t ure 

0 
1.4 

2.0 

We would l i k e  t o  thank the o t h e r  members o f  the geothermal 
technology group inc lud ing  R. L .  Aamodt, 3. N. Albr igh t ,  N. Becker, D. 
W. Brown, D. Counce, H. Fisher, and C. 0. Grigsby f o r  t h e i r  c o n t r i b u -  
t i o n s  t o  the f i e l d  experiments and a n a l y s i s .  We a r e  a l s o  g r a t e f u l  f o r  
the h e l p  provided by B. Ramsay i n  p repar ing  the manuscript  f o r  publ i -  
ca t ion .  The  a s s i s t a n c e  o f  the geothermal o p e r a t i o n s  group i s  a l s o  
g r a t e f u l l y  acknowledged a s  i s  t h e  f i n a n c i a l  s u p p o r t  o f  t h e  D i v i s i o n  o f  
Geothermal Energy o f  the  U.S. Department o f  Energy. 

REFERENCES 

1. H. U. Murphy, C. 0 Grigsby,  J. W. Tester, and J. N. A l b r i g h t ,  "Eval- 
ua t ion  of  the Fenton Hi l l  Hot Dry Rock Geothermal Reservoi r ,  P a r t  I 
Heat Ex t rac t ion  Performance and Modeling," in  Proc. o f  4 t h  Workshop 
on Geothermal Reservoi r  Engineer ing ,  S t an fo rd  Univ. December 13-15, 
1978. 

2. J. W. Tester and J.  N. A l b r i g h t ,  eds. ,  "Hot Dry Rock Energy Extrac-  
t i o n  F ie ld  Test: 7 5  Days o f  Operat ion o f  a Prototype Reservoi r  a t  
Fenton Hi l l  ," Los A1 amis S c i e n t i f i c  Laboratory report LA-7771-MS 
(1979).  



-278 

3. H. D. Murphy and J .  W .  Tester ,  "Heat Product ion from the  Geothermal 
Reservo i r  Formed by  Hydrau l i c  Fracturing--Comparison o f  F i e l d  and 
Theore t i ca l  Kesul ts,"  paper SPE 8265 presented a t  54th Annual Mtg. o f  
SOC. Petr. Engrs. o f  AIME, Las Vegas, Nevada, September 23-26, 1979. 

4. H. D. Murphy, ed., "P re l im ina ry  Eva lua t i on  o f  t h e  Second Hot Dry Rock 
Geothermal Energy Reservoi r :  Resu l ts  o f  Phase I ,  Run Segment 4," Los 
Alamos S c i e n t i f i c  Labora tory  r e p o r t  LA-8354-MS (1980). 

5. H. D. Murphy, R. G. Lawton, J. W .  Tester,  R. M. Po t te r ,  D. W. Brown, 
and R. L. Aamodt, "P re l  im ina ry  Assessment o f  a Geothermal Energy 
Reservo i r  Formed by Hydrau l i c  Frac tur ing , "  SOC. Petr. Engr. 3. - 17, 
317-326 (1Y77). 

6. F. H. Harlow and W. E. Pracht ,  " A  Theore t i ca l  Study o f  Geothermal 
Energy Ex t rac t ion , "  3. Geophys. Res. - 77, 7038-7048 (1972). 

7. R. D. McFarland and H. D. Murphy, " E x t r a c t i n g  Energy f rom Hydraul i- 
c a l l y  Frac tured  Geothermal Reservoir ,"  i n  Proc. 11th I n t e r s o c i e t y  
Energy Conversion Eng ineer ing  Conference, S t a t e  Line, Nevada, 
September l Z - l / ,  lY/b. 

8. J. W. Tester,  R. M. Pot te r ,  and R. L. B i v i n s ,  " I n t e r w e l l  Tracer 
Analyses o f  a Hydrual i c a l  l y  Frac tured  G r a n i t i c  Geothermal Reservoi r  ,I1 

paper SPE 8270 presented a t  54 th  Annual Mtg. o f  SOC. Petr .  Engrs. o f  
AIME. Las Vegas, Nevada, September 23-26, 1979. 

9. H. N. F isher ,  "An I n t e r p r e t a t i o n  o f  t h e  Pressure and Flow Data f o r  
t h e  Two F rac tu res  o f  t h e  Los Alamos Hot Dry Rock (HDR) Geothermal 
System," i n  Proc. 1 8 t h  U.S. Symp. on Rock Mechanics, Keystone, 
Colorado (1977). 



-279-  

DETERMINATION OF TDS I N  GEOTHERMAL SYSTEMS 
BY WELL-LOG ANALYSIS 

Susan L.  Brown, B r i a n  D. Gobran and S u b i r  K.  Sanyal  
S t a n f o r d  U n i v e r s i t y  Pe t ro leum Research I n s t i t u t e  

ABS TRACT 

An estimate of t h e  chemis t ry  of t h e  f l u i d  w i t h i n  a geothermal  
r e s e r v o i r  i s  r e q u i r e d  t o  e s t a b l i s h  t h e  g e o l o g i c a l  s o u r c e  and t h e  
p o s s i b l e  envi ronmenta l  impact  of t h e  f l u i d  as w e l l  as s c a l i n g  and 
c o r r o s i o n  problems which might  develop d u r i n g  p r o d u c t i o n .  While a 
d e t a i l e d  a n a l y s i s  of t h e  chemical  composi t ion  of a geothermal  f l u i d  
c a n  o n l y  b e  o b t a i n e d  from a water sample,  a n  estimate of t h e  t o t a l  
d i s s o l v e d  s o l i d s  (TDS) i n  e q u i v a l e n t  sodium c h l o r i d e  (NaC1) concent ra -  
t i o n  can b e  o b t a i n e d  from w e l l  l o g s .  TDS can  a l s o  be u s e f u l  i n  geo- 
l o g i c a l  c o r r e l a t i o n  between w e l l s .  TDS can b e  determined d i r e c t l y  
from a p u l s e d  n e u t r o n  l o g  and a p o r o s i t y  l o g ,  ( i f  t h e  t y p e  of forma- 
t i o n  i s  known), o r  from t h e  water r e s i s t i v i t y ,  %, and t h e  t e m p e r a t u r e ,  
T .  
method u s e s  a d u a l  i n d u c t i o n  focused  l o g  and i n f o r m a t i o n  from t h e  l o g  
heading .  Next,  i s  found by employing an  e l ec t r i ca l  l o g  and a 
p o r o s i t y  l o g .  The l a s t  approach u t i l i z e s  t h e  spontaneous p o t e n t i a l  l o g  
and h e a d e r  d a t a .  Examples are provided  t o  i l l u s t r a t e  t h e  t e c h n i q u e s  
d e s c r i b e d  which u t i l i z e  c a l c u l a t e d  v a l u e s  of  % t o  de te rmine  TDS. 

Three approaches  are  used t o  f i n d  R, and t h u s  TDS. The f i r s t  

INTRODUCTION 

The t o t a l  d i s s o l v e d  s o l i d s  found i n  geothermal  f l u i d s  p r o v i d e  
i m p o r t a n t  i n f o r m a t i o n .  From t h i s  i n f o r m a t i o n  p r o p e r  p r o d u c t i o n  
equipment can  b e  chosen and p o s s i b l e  problems may b e  a n t i c i p a t e d .  
TDS can b e  c a l c u l a t e d  from v a r i o u s  combinat ions of w e l l  l o g s :  
(1)  p u l s e d  n e u t r o n  l o g  and a p o r o s i t y  l o g ;  (2)  d u a l  i n d u c t i o n  focused  
l o g ;  ( 3 )  an  e l ec t r i c  l o g  and a p o r o s i t y  l o g ;  o r  ( 4 )  spontaneous 
p o t e n t i a l  l o g .  The accuracy  of each method depends on t h e  e s t i m a t e d  
c o n s t a n t s  needed i n  each a n a l y s i s  and how w e l l  t h e  assumptions under- 
l y i n g  each method are v a l i d .  

THEORY 

Using t h e  Thermal Decay T i m e  Log, t h e  f o l l o w i n g  e q u a t i o n  can  b e  
w r i t  t e n  : 

P o r o s i t y  can b e  determined from a p o r o s i t y  l o g  o r  from knowledge of t h e  
f i e l d .  
8 and 1 2  f o r  a s a n d s t o n e  dominated r e s e r v o i r ) .  
can  b e  c a l c u l a t e d  a t  a p a r t i c u l a r  depth .  

I f  t h e  l i t h o l o g y  i s  known, Cma can b e  assumed (eg.  Cma i s  between 
Using t h i s  approach C, 
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I f  ($ and C l o g  v a r y  c o n s i d e r a b l y  o v e r  t h e  zone of i n t e r e s t ,  
a more a c c u r a t e  estimate of Cma .can b e  de te rmined  by p l o t t i n g  C l o g  
v e r s u s  @. By r e a r r a n g i n g  e q u a t i o n  1, t h e  f o l l o w i n g  e q u a t i o n  i s  
o b t a i n e d  : 

T h i s  i s  t h e  e q u a t i o n  of a s t r a i g h t  l i n e  w i t h  a s l o p e  of (1 - C ) and 
i n t e r c e p t  of C 
(I$, Clog) d a t a  can b e  used t o  o b t a i n  C 

W 
( a t  + = 0 ) .  Thus, a least  s q u a r e s  l i n e a r  f i t  % t h e  

from t h e  i n t e r c e p t  and s l o p e .  m a  
W 

Once Cw i s  d e t e r m i n e d ,  TDS is  found from t h e  c o r r e l a t i o n  c h a r t  shown 
i n  F i g u r e  1 (Schlumberger ,  1979) .  This  c h a r t  shows TDS as a f u n c t i o n  of 
Cw a t  75'F and 200°F. The f o l l o w i n g  e q u a t i o n  d e s c r i b e s  t h i s  c h a r t :  

where 

a = -O.O00007(T) - 0.003 

b = 0.0016(T) + 2.881 

c = -0.0247(T) - 63.172 

and T i s  g iven  i n  d e g r e e s  F a h r e n h e i t .  

The n e x t  s e c t i o n  d e s c r i b e s  t h e  methods which c a l c u l a t e  R, and t h e n  
TDS. The f i r s t  method employs t h e  r e s i s t i v i t y  of t h e  f l u s h e d  zone,  RxO, 
and t h e  r e s i s t i v i t y  of t h e  zone of i n t e r e s t ,  R t ,  o b t a i n e d  from a d u a l  
i n d u c t i o n  focused  l o g .  The l o g  heading  p r o v i d e s  i n f o r m a t i o n  n e c e s s a r y  
t o  t h i s  a n a l y s i s ;  t h e  b i t  s i z e  used t o  d r i l l  each s e c t i o n  of t h e  w e l l ,  
t h e  t y p e  of mud b e i n g  c i r c u l a t e d ,  t h e  r e s i s t i v i t y  and t e m p e r a t u r e  of  
t h e  mud and mud f i l t r a t e  (Qf a t  Tmf and R, a t  Tm), t h e  depth  and temper- 
a t u r e  a t  bottom h o l e  (TBH), and t h e  s t a n d  o f f .  Using Arp ' s  e q u a t i o n  
(Arps,  1 9 5 3 ) ,  Gf can b e  c a l c u l a t e d  a t  any depth  g i v e n  t h e  t e m p e r a t u r e  
a t  t h a t  d e p t h :  

(4)  

Temperature l o g s  are g e n e r a l l y  run  i n  geothermal  w e l l s .  I f  a t e m p e r a t u r e  
l o g  is  a v a i l a b l e  i t  can  b e  used t o  f i n d  t h e  t e m p e r a t u r e  a t  t h e  depth  of 
i n t e r e s t .  Otherwise ,  knowledge of t h e  t e m p e r a t u r e  g r a d i e n t s  w i t h  depth  
i n  a f i e l d  can  b e  u t i l i z e d  by working up from t h e  bot tomhole tempera ture .  
It i s  known t h a t  t h e s e  t e m p e r a t u r e s  are  time-dependent,  b u t  the s m a l l  
changes o v e r  t i m e  s h o u l d  n o t  s i g n i f i c a n t l y  a f f e c t  t h e s e  r e s u l t s .  I f  t h e  
d e p t h  of i n t e r e s t  i s  i n  t h e  c o n s t a n t  t e m p e r a t u r e  zone,  i t  can  b e  used.  The 
f o r m a t i o n  r e s i s t i v i t y  f a c t o r ,  F,  i s  g i v e n  by: 
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F = -  Rt 
R 

W 
or 

xo 2 R 
F = -  

Assuming a geothermal  r e s e r v o i r  i s  100% water s a t u r a t e d ,  S 
e q u a t i o n  6 becomes: 

= I, xo 

(7)  
xo F = -  

R 

Rmf 

S o l v i n g  e q u a t i o n s  5 and 7 a n  e q u a t i o n  d e s c r i b i n g  R i s  o b t a i n e d :  
W 

Rt 
w R  Rmf 

R = -  

xo 

Using t h i s  e q u a t i o n ,  Q can b e  c a l c u l a t e d  f o r  any d e p t h .  
v a l u e s  o b t a i n e d  from a Dual I n d u c t i o n  L a t e r o l o g  l o g  are  a deep,  
medium, and s h a l l o w  r e s i s t i v i t y  (RID, Rm, Rs) f o r  each d e p t h .  A f t e r  
r e a d i n g  t h e  v a l u e s  from t h e  l o g  and c a l c u l a t i n g  t h e  r a t i o s  R /RID and 
RIrl/RID a c h a r t  s imi la r  t o  t h e  one shown i n  F i g u r e  2 (Schlumterger ,  
1979)  can b e  used t o  o b t a i n  Rxo/Rt and Rt/RID. 
and Rt can b e  c a l c u l a t e d .  
c o r r e c t i o n s  of t h e  l o g  d a t a  may b e  n e c e s s a r y .  These c o r r e c t i o n s  compen- 
sate  f o r  b o r e h o l e  e f f e c t s  and bed s i z e .  

The a c t u a l  

From t h e s e  r a t i o s ,  Rxo 
However, b e f o r e  u s i n g  t h e  c o r r e l a t i o n  c h a r t ,  

I f  a n  a n a l y s i s  i s  d e s i r e d  o v e r  a zone, a p l o t  i s  made of Rt v e r s u s  
Qo f o r  a l l  d e p t h s  i n  t h a t  zone. 
p l o t  is  o b t a i n e d  by r e a r r a n g i n g  e q u a t i o n  8: 

The e q u a t i o n  which d e s c r i b e s  t h i s  

R 

xo 
R W R = -  

A l i n e  can  be drawn through t h e  p o i n t s  which goes through t h e  o r i g i n  
and h a s  a s l o p e  of k/Qf. €$,,f i s  assumed t o  b e  c o n s t a n t ,  so  R, can  
b e  d i r e c t l y  o b t a i n e d .  

The n e x t  method used t o  f i n d  Rw u s e s  a n  e l ec t r i c  l o g  and a p o r o s i t y  
l o g .  For a g i v e n  l i t h o l o g y ,  F can  b e  c a l c u l a t e d  by: 

where t h e  c o n s t a n t s  a ,  and m y  are  l i t h o l o g y  dependent  parameters .  
can b e  o b t a i n e d  from a p o r o s i t y  l o g  and Rt from an  e l ec t r i ca l  l o g ,  R, can 
be c a l c u l a t e d  from t h e  f o l l o w i n g  e q u a t i o n ,  d e r i v e d  from e q u a t i o n s  10 and 6 .  

I f  6 
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Rt@m 
R = -  

W a 

I n  many cases, t h e  l i t h o l o g y  i s  known and t h e  a p p r o p r i a t e  v a l u e s  can 
b e  s u b s t i t u t e d  f o r  m and a. For  a compacted f o r m a t i o n  a = 1 and m = 2,  
which reduces  e q u a t i o n  11 t o :  

2 
Rw = Rt@ 

I f  t h e  l i t h o l o g y  i s  n o t  w e l l  
a n o t h e r  procedure .  Rw and F 

S u b s t i t u t i n g  e q u a t i o n  10 and 
g i v e s :  

d e f i n e d  , t h e  f o l l o w i n g  a n a l y s i s  y i e l d s  
are a l s o  r e l a t e d  by ( A r c h i e ' s  e q u a t i o n ) :  

s n = -  FRW 

Rt 

13 and t a k i n g  t h e  l o g a r i t h m  of b o t h  s i d e s  

S i n c e  S i s  assumed t o  b e  1, n l o g  Sw w i l l  b e  z e r o .  T h i s  g i v e s :  
W 

l o g  R t = - m l o g  @ + l o g  (aRw) 

Assuming t h e  l i t h o l o g y  and s a l i n i t y  a r e  c o n s t a n t  o v e r  a zone,  an  i n d i c a t i o n  
of t h e  c o n s t a n t s ,  a and m ,  can b e  found by p l o t t i n g  l o g  Rt v e r s u s  l o g  @. 
The l i n e  o b t a i n e d  w i l l  have a s l o p e  of -m and ,  a t  @ = 1, t h e  i n t e r c e p t  
w i l l  b e  l o g  (a%) .  Although t h i s  does n o t  o b t a i n  t h e  c o n s t a n t ,  a ,  d i r e c t l y ,  
i t  can  be found from a n  independent  v a l u e  of Rw. 
could  b e  used w i t h  a v e r a g e  v a l u e s  of R and @. T h i s  v a l u e  of t h e  c o n s t a n t ,  
a, can t h e n  be used f o r  f u r t h e r  c a l c u l a t i o n s .  

For  example, e q u a t i o n  12 

t 

The l a s t  method used t o  c a l c u l a t e  R, needs o n l y  t h e  Spontaneous 
P o t e n t i a l  Log. The s t a t i c  spontaneous  p o t e n t i a l  v a l u e ,  SSP ,  i s  r e l a t e d  
t o  \ by: 

where K = 6 1  + 0.133T (Schlumberger ,  1 9 7 9 ) .  Rmf can b e  found from t h e  
l o g  heading  and T can b e  o b t a i n e d  by a t e m p e r a t u r e  l o g  o r  known 
t e m p e r a t u r e  g r a d i e n t .  So, a t  any d e p t h ,  

(SSP/K) Rw = Rmf10 
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A f t e r  i s  o b t a i n e d  from any of  t h e  t h r e e  methods d e s c r i b e d  above,  
TDS can b e  found from a nomograph f o r  N a C l  s o l u t i o n s  such as t h e  one 
shown i n  F i g u r e  3 (Schlumberger,  1979) .  Knowing t h e  r e s i s t i v i t y  and 
t e m p e r a t u r e ,  TDS i n  ppm of N a C l  e q u i v a l e n t s  a t  75OF can b e  found.  T h i s  
nomograph can be  f i t t e d  by t h e  f o l l o w l n a  e q u a t i o n  ( D r c s s e r ,  1980) :  

N a C l  (@ 75'F) = l o x  (18)  eq 

where 

3.562 - l o g  (R75 - 0.0123) 
x =  

0.955 

and 

R75 - RT 75 + 6.77 
- (T + 6 * 7 7  

EXAMPLES 

Because of t h e  d i f f i c u l t y  i n  o b t a i n i n g  d a t a ,  examples are 
p r e s e n t e d  from one w e l l ,  US Geothermal A - 1 ,  i n  t h e  Geysers ,  C a l i f o r n i a  
f i e l d .  I t  was chosen because  i t  provided  t h e  b e s t  s u i t e  of l o g s .  
However, r e a s o n a b l e  zones were s t i l l  d i f f i c u l t  t o  i d e n t i f y  and t h e s e  
examples are p r i m a r i l y  f o r  i l l u s t r a t i v e  purposes .  U n f o r t u n a t e l y ,  no 
p u l s e d  n e u t r o n  l o g  w a s  r u n  i n  t h i s  w e l l .  The f i r s t  example u s e s  a 
Dual I n d u c t i o n  L a t e r o l o g ,  a Spontaneous P o t e n t i a l  l o g ,  and a Tempera- 
t u r e  l o g .  The l o g s  were r u n  i n  t h e  f a l l  of 1974. Twenty f e e t  of a 
zone w e r e  examined, beginning  a t  a depth  of 2602 f t .  From the l o g  
heading  t h e  b i t  s i z e  was 12% i n .  w i t h  a 1 . 5  i n .  s t a n d o f f .  The tempera- 
t u r e  g r a d i e n t  w a s  found from t h e  t e m p e r a t u r e  l o g  (25'F/100 f t ) a r o u n d  t h e  
depth  of i n t e r e s t  and a t  2500 f t ,  T = 225OF. T h e r e f o r e ,  a t  2600 f t ,  
T = 250°F. R, i s  1 1 . 9  S2-m a t  540F o r  2.82 a-m a t  2500F. 
6.79 0-m a t  65OF o r  1.90 0-m a t  250OF. 
no b o r e h o l e  c o r r e c t i o n  was n e c e s s a r y .  
were t a k e n  from t h e  l o g  and F i g u r e  2 ( R x o / R ,  = 20) w a s  used t o  f i n d  
t h e  r a t i o s  from which Rt and so are c a l c u l a t e d .  
d a t a  and F i g u r e  4 shows t h e  p l o t  of so v e r s u s  R,. The s l o p e  of  t h e  l i n e  
i s  &/R,f = 0.475. M u l t i p l y i n g  by &f g i v e s  R, = .9025. Using F i g u r e  3 ,  
TDS = 1840 ppm. 

R is 
Vf F o r  t h e  g i v e n  b i t  s i z e  and R, 

Values f o r  RLL8, RIM, and RID 

T a b l e  1 p r e s e n t s  t h i s  

An independent  c a l c u l a t i o n  of R, f o r  t h i s  zone can b e  done u s i n g  
t h e  Spontaneous P o t e n t i a l  curve .  Looking a t  t h e  Spontaneous P o t e n t i a l  
l o g ,  t h e  SSP v a l u e  cor responding  t o  t h i s  zone i s  -23 mV. K i s  found t o  
b e  94.25 and R, i s  c a l c u l a t e d  t o  b e  1.082. From F i g u r e  3 TDS i s  found 
t o  b e  1860 ppm. 
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The n e x t  example u s e s  a n  I n d u c t i o n - E l e c t r i c a l  l o g  and a Compensated 
Neutron l o g  r u n  i n  J a n u a r y ,  1975. 
beginning  a t  a d e p t h  of  5200 f t .  
R, f o r  each  d e p t h .  
t h i s  f i g u r e ,  i t  can  b e  s e e n  t h a t  most p o i n t s  l i e  t o g e t h e r  w i t h  several 
o t h e r s  b e i n g  w i d e l y  s c a t t e r e d .  To h e l p  draw a r e a s o n a b l e  l i n e  through 
t h e s e  p o i n t s ,  Humble's formula  c a n  b e  used s i n c e  i t  o b t a i n s  r e l i a b l e  r e s u l t s  
f o r  most sed imentary  f o r m a t i o n s .  
and a v e r a g e  v a l u e s  of 4 = 19%, and Rt = 31 SZ-my and a v e r a g e  R, of 1 . 4 1  
SZ-m i s  o b t a i n e d .  The c o n s t a n t ,  a ,  can t h e n  b e  c a l c u l a t e d  t o  b e  0.39. 
By i t e r a t i n g  on t h e  c o n s t a n t ,  a ,  and R,, a v a l u e  of 0.497 f o r  t h e  c o n s t a n t ,  
a ,  g i v e s  a c l o s e  approximat ion  t o  t h e  average  Q c a l c u l a t e d  from Humble's 
formula .  
i s  de termined .  For  t h i s  zone R, w a s  found t o  b e  1 . 5 3  R-m. No t e m p e r a t u r e  
l o g s  were a v a i l a b l e  a t  t h i s  d e p t h ,  s o  T = 2800F w a s  assumed (bot tomhole 
t e m p e r a t u r e  w a s  285OF a t  6280 f t ) .  Using F i g u r e  3 ,  TDS is  980 ppm. 

F o r t y  f e e t  of a zone w e r e  examined 
T a b l e  2 l i s ts  t h e  d a t a  and computed 

From F i g u r e  5 shows t h e  p l o t  of  l o g  4 v e r s u s  Rt. 

Using Humble's formula ,  F = 0.62/42*15 

R, is  t h e n  c a l c u l a t e d  f o r  each depth  and a n  a r i t h m e t i c  a v e r a g e  

CONCLUSIONS 

Four methods t o  f i n d  TDS from w e l l  l o g s  have been p r e s e n t e d .  I f  a 
complete  s u i t e  of l o g s  i s  a v a i l a b l e  f o r  a g i v e n  zone, several methods 
can  be employed t o  o b t a i n  TDS. By u s i n g  more than one method a n  
i n d i c a t i o n  of t h e  a c c u r a c y  may b e  de te rmined .  However, each method 
can  be used i n d e p e n d e n t l y  s o  even w i t h  a minimum amount of d a t a  a n  
estimate of TDS can b e  de te rmined .  However, t h e  methods should  b e  
done s t a t i s t i c a l l y  t o  s u c c e s s f u l l y  account  f o r  l i t h o l o g i c a l  d i f f e r e n c e s  
and bad d a t a  p o i n t s  w i t h i n  a zone. These methods are dependent  upon 
t h e  accuracy  of t h e  c o n s t a n t s  needed,  such  as t h e  r e s i s t i v i t y  of  t h e  
mud f i l t r a t e  and t h e  t e m p e r a t u r e .  Also,  t o o  l a r g e  a b o r e h o l e  ( g r e a t e r  
t h a n  1 4  i n . )  c a n  c a u s e  t h e  r e s i s t i v i t y  measurements t o  b e  i n a c c u r a t e  
because  of t h e  i n c r e a s e d  b o r e h o l e  e f f e c t s .  I n  a l l  methods,  t h e  l i t h o l o g y  
must b e  t a k e n  i n t o  account  because  i t  can  s i g n i f i c a n t l y  a l te r  t h e  l o g  
r e a d i n g s ,  e s p e c i a l l y  from t h e  p o r o s i t y  t o o l s .  
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TWO PHASE FLOW I N  POROUS MEDIA AND THE CONCEPT OF RELATIVE 

PERMEAB I L I T I  ES 

J6nas El iasson ,  Univers i ty  of Ice land ,  Ice land  
S n o r r i  P i 1 1  Kjaran, Nat ional  Energy Authori ty ,  Ice land  
Gestur  Gunnarsson, N a t i o n a l  Energy Authori ty ,  Ice land  

INTRODUCTION 

N e w  equat ions f o r  t h e  two phase flow of water and steam 
are presented .  The new equat ions co inc ide  with those  a l r eady  
i n  use f o r  t h e  case o f  ho r i zon ta l  flow b u t  are d i f f e r e n t  from 
those  f o r  v e r t i c a l  flow. I t  is  shown t h a t  t h e  usua l  equa- 
t i o n s  can only be v a l i d  when t h e  t w o  phases are flowing i n  
sepa ra t e  channels,  where t h e  channel dimensions are l a r g e  
compared with t h e  g r a i n  s i z e  of  t h e  porous media, and i n  such 
a case t h e  r e l a t i v e  pe rmeab i l i t i e s  should vary only s l i g h t l y  
wi th  t h e  s a t u r a t i o n  r a t i o .  I t  is shown t h a t  t h e  a c t u a l  vari- 
a t i o n  o f  r e l a t i v e  pe rmeab i l i t i e s  with s a t u r a t i o n  r a t i o  sug- 
g e s t s  a flow model where t h e  flow channel dimensions a r e  of 
t h e  same o rde r  of  magnitude as t h e  g r a i n  s i z e .  On t h i s  basis 
a new s e t  of  equat ions i s  proposed, which with t h e  a s s o c i a t e d  
flow model expla in  r e l a t i v e  pe rmeab i l i t i e s  q u a l i t a t i v e l y .  
In  add i t ion  they s h o w  t h a t  water can f l o w  upwards i n  t w o  
phase flow where t h e  p re s su re  g rad ien t  i s  less than hydro- 
s t a t i c .  I n  a simple t w o  phase flow t e s t  it i s  demonstrated 
t h a t  t h i s  happens as p red ic t ed  by t h e  new equat ion set .  

RELATIVE PERMEABILITIES 

Re la t ive  p e r m e a b i l i t i e s  a r e  permeabi l i ty  reduct ion fac- 
t o r s ,  when t w o  phases a r e  flowing simultaneously.  They are 
used i n  connection with Darcy's l a w ,  as it has been used for  
two phase flow, as follows: 

h n 
The v e l o c i t i e s ,  V and V a r e  t h e  average w a t e r  and steam 
v e l o c i t y  with r e s p e c t  t o  t h e  t o t a l  seepage a rea .  Another 
p o s s i b i l i t y  o f  extending Darcy's l a w  t o  inc lude  t w o  phase 
f l o w  is  t o  use t h e  average v e l o c i t y  with r e spec t  t o  t h e a c t u a l  
seepage a r e a  eqs.  1 and 2 would then be 

W S 

where k and krs a r e  def ined  a s  follows: 
T'W 

h 

k = S k  r w  w r w  
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Both d e f i n i t i o n s  of  t h e  r e l a t i v e  p e r m e a b i l i t i e s  w i l l  be used 
i n  t h e  fo l lowing  d i scuss ion  t o  avoid  confusion.  A s  can be 
seen  from eqs. 1 and 2 t h e  on ly  f o r c e s  a c t i n g  on t h e  two 
phases  are t h e  r e s i s t a n c e  f o r c e  and t h e  fo rce  o f  g r a v i t y .  
There are no i n t e r f ac i a l  f o r c e s  between t h e  two phases .  The 
on ly  flow model, where no forces between t h e  phases  occur i s  
when w a t e r  and steam flow i n  sepa ra t ed  l a r g e  channels  . I n  
s u c h a c a s e t h e  r e l a t i v e  p e r m e a b i l i t i e s  would only  be a r e a  
r educ t ion  factors de f ined  as: 

h 

k = S  rw W 
(7 )  

Most l a b o r a t o r y  measurements o f  r e l a t i v e  p e r m e a b i l i t i e s  seem 
to  i n d i c a t e  t h a t  t hey  are dependant on s a t u r a t i o n  t o  t h e  
power two o r  h igker .  Wyckoff and B o t s e t  (1936) i n v e s t i g a t e d  
t h e  flow of mixtures  of l i q u i d  ( w a t e r )  and gas  (carbon dio- 
xide) and t h e i r  r e s u l t s  for r e l a t ive  p e r m e a b i l i t i e s  are given 
i n  f i g .  1,  which w i l l  be used f o r  r e fe rence  pe rmeab i l i t y  cur -  
ves  i n  t h e  fo l lowing .  The s e p a r a t e  channel  model i s  t h e r e -  
f o r e  n o t  v i a b l e ,  as it i s  n o t  i n  agreement wi th  measurements. 
For f u r t h e r  r e f e r e n c e s  s e e f o r  example Chen e t  a l .  (1978) and 
Counsi l  and Ramey (1979),  i n  which measurements o f  r e l a t i v e  
g e r m e a b i l i t i e s  f o r  s t e a m  and water are given.  

MACROSCOPIC FLOW MODEL 

Since  t h e  two phases  are no t  f lowing i n  l a r g e  s e p a r a t e d  
channels ,  t h e r e  must e x i s t  some i n t e r f a c i a l  f o r c e  between 
them and t h e  phases  w i l l  be  flowing a t  d i f f e r e n t  v e l o c i t i e s  
w i th  some s l i p  between them. One p o s s i b i l i t y  i s  t o  use a 
macroscopic flow-model, i n  which it i s  envisaged t h a t  t h e r e  
are  l a r g e  bubbles of s t e a m  i n  w a t e r  o r  l a r g e  drops of w a t e r  
i n  steam. Here l a r g e  i s  used i n  a r e l a t ive  sense  i n  compari- 
son wi th  t h e  g r a i n  s i z e .  I f  w e  cons ide r  for example t h e  case 
o f  l a r g e  bubbles  of steam i n  water, Yih (1965, p. 216) g i v e s  
f o r  t h e  v e l o c i t y  s l i p  between t h e  phases  f o r  h o r i z o n t a l  f l o w  
as : V 3u 

.e. 

- ' s  ' w  
vW 

By assuming h o r i z o n t a l  flow t h e  s l i p  f a c t o r  i s  ob ta ined  f r o m  
eqs. 1 and 2: 

By comparing eqs .  9 and 10 w e  ob ta in :  
A 

rs 3 
k 



-290- 

Eq. 11 then g ives  t h e  r a t io  of t h e  r e l a t i v e  p e r m e a b i l i t i e s  
independent of  s a t u r a t i o n ,  which i s  c l e a r l y  not  i n  agreement 
wi th  measurements as ind ica t ed  by f i g .  1 The macroscopic 
flow model i s  thus  not  v i a b l e  and t h e  flow channels mus t  be 
of t h e  same s i z e  as t h e  g r a i n  dimensions and a microscopic 
flow model i s  more r e l evan t .  The r e l a t i v e  permeabi l i ty  fac-  
tors  would i n  t h i s  case  be po ros i ty  reduct ion  f a c t o r s  and as 
ind ica t ed  by most research  r e s u l t s  t h e  permeabi l i ty  is  a 
func t ion  o f  p o r o s i t y  t o  t h e  t h i r d  power. The r e l a t i v e  permea- 
b i l i t i e s  would then f i t  t h e  experimental  d a t a  i n  f i g .  1 as 
shown by Irmay (1954).  

MICROSCOPIC FLOW MODEL 

I n  t h i s  model it is  assumed t h a t  t h e  water i s  i n  c o n t a c t  with 
t h e  s o l i d  ske le ton  and t h a t  t h e  steam forms channels  i n  t h e  
water without  con tac t ing  t h e  s o l i d  ske le ton .  The f o r c e s  p e r  
volume a c t i n g  i n  t h i s  case would be  as fol lows.  

1) Force between s o l i d  and water:  

vw'w 

W 
k k  €or water  

where k i s  a permeabi l i ty  reduct ion  f a c t o r  f o r  w a t e r .  

2 )  Force between w a t e r  and steam: 

W 

W1Yw - C2Vs) 
1 - -  

S 
W 

K I V w  - c v 1 1 -sw 2 s  
1 

f o r  water  

where C and C a r e  c e r t a i n  unknown cons tan ts .  

3) Forces of g r a v i t y  and pressure :  

1 2 

f o r  steam 

Taking t h e  fo rce  balance f o r  

- ( C V - C V )  
vw'w 
k k  - ' w  l w  2 s  
~- 

W 

1 
0 = I S + ( C  v -c v 1 - 1 w 2 s 1-s 

W 

I n s e r t i n g  eq. 13 i n t o  eq. 1 2  

€or water  

f o r  steam 

steam and water  w e  o b t a i n :  

1 

W 
S (12) 

(13) 

and rearranging t h e  terms g ives :  
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kk 

W 
w w  

Eq. 13 then gives fo r  the steam phase 

1-s 
W v = -  I + a v w  

S 
c2 

S 

where a i s  defined as the r a t i o  between the two constants C 
and C 
water and the mean water velocity.  I n  a laminar flow of 
water and steam i n  a c i r cu la r  pipe a would be equal t o  2 
Eq. 16 can be rewrit ten by redefining the constant C a s  

Here a is  the r a t i o  between the maximum velocity ok 
2 '  

2 '  
kk 

where k i s  some permeability reduction factor .  Using the 
def in i t ion  of I eq. 17 becomes S 

S 

v S = -  PS kkS ( l-Sw) ($+ Psg) + a v w  

by comparing eqs. 15 and 18 w i t h  eqs. 3 and 4 the r e l a t ive  
permeabili t ies i n  the case of horizontal  flow are:  

k = ? ?  (19) 
W r w  

PS 3 
VW 

If we take for example, a = 2 ,  - = 1/6 and crw = Sw, the 

maximum value of the l a s t  term i n  eq. 20 becomes equal t o  
0.05, and can t h u s  be neglected. Eq. 20 then becomes 

k - I ?  
S rs 

I n  the case of horizontal  flow eqs. 15 and 18 reduce t o  eqs. 
3and 4 .  The necessary condition t o  maintain upward flow of 
water then becomes 

which can be compared w i t h  the  necessary condition derived 
from eq. 1: 

According t o  eq. 2 3  the pressure gradient mus t  be greater  
than hydrostatic pressure i n  order t o  obtain upward flow of 
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w a t e r .  Eq. 2 2 ,  which i s  der ived  f r o m  eq. 15, allows water t o  
flow v e r t i c a l l y  upwards, although t h e  p re s su re  g rad ien t  i s  
l e s s  than hydros t a t i c .  

FLOW TESTS 

To  i n v e s t i g a t e  t h e  behaviour of  two phase v e r t i c a l  flow, 
a t e s t  w a s  performed i n  a v e r t i c a l  4" c i r c u l a r  tube i n  t h e  
labora tory .  The set-up i s  schemat ica l ly  shown i n  f i g .  2.  

Pressure  and temperature are measured i n  four  d i f f e r e n t  
levels .  
measured a t  t h e  top end. The flow is  always upwards. 

The steam phase and water phase are separa ted  and 

A porous g rave l  tes t  medium o f  crushed b a s a l t  w a s  used. 
The permeabi l i ty  was measured a s  being 545 Darcy. The tes t  
w a s  not  intended t o  show t h e  v a r i a t i o n  of r e l a t i v e  permea- 
b i l i t i e s  with s a t u r a t i o n  so s a t u r a t i o n  w a s  no t  measured, b u t  
t e s t  wi th  porous media of o t h e r  pe rmeab i l i t i e s  needs t o  be 
made. The reason f o r  completely omi t t ing  t h e  s a t u r a t i o n  
measurements i n  t h i s  work is  t h e  uncer ta in ty  of  t h e  known 
methods i n  use a t  p r e s e n t  t o  measure t h i s  parameter. 

The r e s u l t s  of t h e  tests are shown i n  t a b l e  1. They 
f a l l  i n t o  t h r e e  c a t e g o r i e s ,  according t o  t h e  no-s l ip  sa tu ra -  
t ion ,which  i s  t h e  s a t u r a t i o n  one would have i f  both water and 
steam w e r e  f lowing with t h e  same ve loc i ty .  I n  the  8 f i r s t  
runs ,  So i s  2% o r  lower. The flow i s  mostly steam with very 
l i t t l e  water  flow and i n  one case t h e  r e l a t i v e  permeabi l i ty  
€or water proves t o  be nega t ive ,  which means t h a t  t h e  water 
should flow downwards according t o  eq. 3 . ,  b u t  i n  f a c t  
a c t u a l l y  flows upwards. Otherwise t h e  k values  behave nor- 
mally,  b u t  a r e  much h igher  than would be expected f o r  t hese  
very l o w  water  s a t u r a t i o n s .  

W 

m 

I n  t h e  next  f i v e  runs water  and steam are flowing i n  
more equal  propor t ions .  The krw va lues  a r e  a l l  much too  high, 
i . e .  a l o t  more w a t e r  i s  flowing than can be explained byeq.3.  

I n  t h e  next  s i x  runs t h e r e  i s  very l i t t l e  or  no steam. 
The krw va lues  are p r a c t i c a l l y  equal t o  one as would be 
e xpe c t e d . 

The tes t  shows c l e a r l y  t h a t  eqs .  3 and 4 cannot expla in  
the  r e s u l t s  except  i n  t h e  s i x  cases  where t h e  flow i s  almost 
pure ly  water. The r e l a t i v e  pe rmeab i l i t i e s  ca l cu la t ed  from 
eqs.  15 and 18 behave i n  accordance with theory.  To demon- 
s t r a t e  t h i s  krs i s  c a l c u l a t e d ,  by assuming t h a t  t h e  value of  
k 
rzry of cases  of  i n v e s t i g a t i o n .  
k can be c a l c u l a t e d  and the  r e s u l t s  a r e  shown i n  f i g .  3 ,  
a68 t h e  r e s u l t  i s  q u i t e  i n  agreement with theory and experi-  
ments. This  means t h a t  t h e  microscopic flow model eqs .  15 
and 18 f u l l y  expla in  t h e  tes t  r e s u l t s ,  whereas the  macro- 
scopic  flow model (eqs.  1-41 does not .  

i s  equal t o  S3 as seems t o  be t h e  conclusion i n  t h e  majo- w I n  these  cases  both Sw and 
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DISCUSS ION 

I n  t h e  l i t e r a t u r e  the re  a r e  t w o  d i f f e r e n t  d e f i n i t i o n s  
i n  use f o r  r e l a t i v e  permeabi l i ty .  The r e l a t i v e  permea- 
b i l i t i e s  as def ined  i n  these  d i f f e r e n t  ways, a r e  r e l a t e d ,  
b u t  have very d i f € e r e n t  numerical values  (see eqs.  5 and 6 ) .  
Careful  d i s t i n c t i o n  between these  t w o  is  necessary e s p e c i a l l y  
when r e p o r t i n g  research  da ta .  I n  many of  t h e  e x i s t i n g  papers 
on t h e  subject it is impossible t o  see wether k and k are 
being used or  $ r w  rs 

and Grs rw 

Reported l abora to ry  tests on r e l a t i v e  p e r m e a b i l i t i e s  
show t h a t  they depend on s a t u r a t i o n  t o  t h e  power two o r  h ig -  
her .  The eqs. 1-4 can only be v a l i d  when t h e  f l u i d  shea r  
stress i s  t r ansmi t t ed  d i r e c t l y  t o  t h e  s o l i d  ske le ton .  The 
r e l a t i v e  permeabi l i ty  i s  a c t u a l l y  a permeabi l i ty  reduct ion  
f a c t o r ,  and as it varies with s a t u r a t i o n  t o  t h e  power t w o  or  
h igher  it does not  matter if t h e  d e f i n i t i o n  k or i s  used,  
s ince  t h e  r e s u l t i n g  shear  s t r e s s  i n  t h e  water  phase i s  
always h ighe r  than i f  water w a s  flowing alone with t h e  same 
average v e l o c i t y .  From t h i s  one can conclude t h a t  a macro- 
scopic  flow model, i .e .  a flow model where t h e  water i s  
assumed t o  flow more o r  l e s s  a lone e i t h e r  i n  l a r g e  channels  
o r  b i g  d r o p l e t s ,  does not  explain t h e  reported behaviour o f  
t h e  r e l a t i v e  pe rmeab i l i t i e s .  

On t h e  o t h e r  hand, i f  it assumed t h a t  t h e  gas phase i s  
deplacing t h e  l i q u i d  phase from t h e  pores  then a microscopic  
flow model is  envisaged. I n  t h i s  t h e  steam may be flowing i n  
more o r  l e s scon t inuous  channels o r  pa ths ,  b u t  t h e s e  have a 
c ross - sec t iona l  dimension of  t h e  same o rde r  of magnitude as 
t h e  po res ,  o r  less. The steam i s  flowing wi th in  the  water ,  
with a v e l o c i t y  h igher  than t h e  w a t e r  ve loc i ty .  The r e s u l t -  
i n g  average v e l o c i t y  s l i p  c r e a t e s  a shear  stress between t h e  
two phases ,  t h i s  shear  s t r e s s  i s  t r ansmi t t ed  through t h e  
water to the  rock. I t  inc reases  t h e  ve loc i ty  i n  t he  water 
and l e s s e n s  t h e  p o s s i b i l i t y  of t h e  heavier  phase flowing 
downwards while  t h e  l i g h t e r  phase i s  flowing upwards. 

The microscopic model, eqs .  15 and 1 8 , i s  d i s t i n c t l y  
d i f f e r e n t  from t h e  macroscopic mode1,eqs. 1-4, in  t h e  case o f  
v e r t i c a l  flow. I n  t h e  case  of  ho r i zon ta l  flow the  t w o  models 
y i e l d  t h e  same equat ions ,  provided a c o r r e c t  d e f i n i t i o n  of 
t h e  r e l a t i v e  pe rmeab i l i t i e s  i s  used (eqs.  19 and 21 ) .  The 
condi t ions  f o r  maintaining upwards flow of w a t e r  i s  markedly 
d i f f e r e n t  f o r  t h e  t w o  flow models (eqs.22 and 23) .  This  i s  
o f  g r e a t  importance f o r  t h e  c a l c u l a t i o n  o f  geothermal convec- 
t i o n ,  and it also expla ins  t h e  "chimney e f f e c t "  of  geothermal 
a r e a s ,  i .e. a pressure  l e v e l  wi th in  a geothermal f i e l d  t h a t  
i s  lower than the  pressure  l e v e l  of  a l l  surrounding a q u i f e r s .  
dhen c a l c u l a t i n g  t h e  flow towards a we l l ,  or o t h e r  flows 
under t h e  inf luence  of  g r e a t  pressure  g rad ien t s ,  only s m a l l  
d i f f e r e n c e s  .are t o  be expected between t h e  r e s u l t s  of t h e  t w o  
models. 

Flow tests, performed i n  a v e r t i c a l  tube support  t h e  
t h e o r i e s  p u t  forward. I n  a t h i r d  p a r t  of t h e  tests measured 
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r e l a t i v e  p e r m e a b i l i t i e s  show no pe rmeab i l i t y  
r educ t ion  b u t  r a t h e r  a n  icrease i n  pe rmeab i l i t y ,  and t h i s  
i s  accepted'as impossible accord ing  t o  a l l  r e s e a r c h e r s ,  t h e  
r e l a t i v e  p e r m e a b i l i t y  being always less than  one f o r  a l l  sat- 
u r a t i o n s .  The 1/3 of t h e  t es t s  mentioned i s  performed under  
such c o n d i t i o n s  t h a t  n e i t h e r  t h e  steam phase nor  t h e  water 
phase  .dominates t h e  o t h e r ,  i . e .  n e i t h e r  water s a t u r a t i o n  nor  
steam s a t u r a t i o n  are extremely low. 
tes ts  behave normally w i t h  respect t o  t h e  r e l a t i v e  permea- 
b i l i t i e s .  

The r e s u l t i n g  2/3 o f  t h e  
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NOMENCLATURE 

g = P r o j e c t i o n  of t h e  a c c e l e r a t i o n  of g r a v i t y  on t h e  flow 
d i r e c t i o n  (m/sec2). 

k = PermeabLli ty  (Darcy) 

f o r  water and 

fi , rh = 
p = P r e s s u r e  (~/m2). 

S = S a t u r a t i o n  o f  water. 

So = 

S = S l i p  f a c t o r .  

V , V , V , V = Mean v e l o c i t y  o f  water and steam respec-  

X = Mass f r a c t i o n  o f  steam. 

Mass flow o f  water and steam r e s p e c t i v e l y  (kg / sec ) .  w s  

W 

No-slip s a t u r a t i o n  o f  water. 
W 

A h  

w s w s  
t i v e l y  ( m / s e c ) .  

z = Coordina te  i n  t h e  flow d i r e c t i o n  ( m ) .  

pw,ps = Densi ty  of w a t e r  and steam r e s p e c t i v e l y  (kg/m3) - 
Pw,Ds = Dynamic v i s c o s i t y  of water and steam r e s p e c t i v e l y  

(kg/m sec) . 
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Fig. 3 Relative permeability for  steam as  calculated from 
experiments. 

TABLE 1 

X til Rela t rve  D3nlndtlng 
IW Is s: /Iw 

T e s t  kw in 
permeab. phase i n  2 

no. kg/sec.  kg/sec.  % N/m3 N/m3 e 
m . s e c  for water  volume 

-5 
1 l.ll-10-3 1.36.10-3 55.1 411.2 9810.08 0.05 0.27’10 0.!7 

2 2.44 -. 1.23 - 33.5 235.0 9633.85 0.13 1.04 - 0.66 

3 2.77 - 1.23 - 30.8 274.1 9673.01 0.15 1.01 - 0.64 

4 5.00 - 1.04 - 17.2 391.6 9869,82 0.32 1.28 - 0.81 

5 7.22 - 1.01 - 12.3 920.3 10319.18 0.47 0.78 - 0.49 U 

6 5.00 - 0.44 - 8.1 254.5 9653.43 0.75 1.96 - 1.24 

7 5.55 - 0.46 - 7.7 332.9 9731.75 0.80 1.67 - 1.06 

8 6.11 - 0.19 - 3.0 -137.1 9261.81 2.10 -4.45 - -2.82 

5 
(0 

E 
9 8.47 - 0.088 - 1.0 313.3 9712.17 6.04 2.70 - 1.71 m 

U 
10 10.42 - 0.082 - 0.8 391.6 9790.50 7.82 2.67 - 1.69 ffl 

‘0 
11 10.69 - 0.064 - 0.6 391.6 9790.50 10.03 2.73 - 1.73 m 

12 11.25 - 0.061 - 0.5 391.6 9790.50 11-00 2.87 - 1.82 

13 10.55 - 0.052 - 0.5 391.6 9790.50 11.93 2.69 - 1.70 

k 
01 U 
nJ 
2 

14 39.09 - 0.16 - 0.4 2291.0 11689.85 13.95 1.71 - 1.08 

15 34.84 - 0.122 - 0.4 2506.0 11905.24 16.01 1.39 - 0.88 

16 38.18 - 0-115 - 0.3 2408.0 11807.34 18.14 1.59 - 1.00 
h 
0 17 40.00 - 0.075 - 0.2 2428.0 11026.92 26.25 1.65 - 1.04 4J 

18 40.00 - 0.03 - 0.1 2526.0 11924.82 47.09 1.58 - 1.00 2 

19 38.78 - 0.00 - 0.0 2448.0 11846.5010Q00 1.58 - 1.00 
______ 
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THE EFFECT OF TEMPERATURE ON THE 
ABSOLUTE PERMEABILITY TO DISTILLED WATER OF 

UNCONSOLIDATED SAND CORES 

A. Sageev, B.D. Gobran, W.E. Brigham, and H.J. Ramey, Jr. 
Stanford University 

INTRODUCTION 

Absolute permeability is an important parameter in the evalua- 
tion of the performance of geothermal and hydrocarbon reservoirs. 
The primary production of oil and gas reservoirs normally is iso- 
thermal. This is not the case for geothermal reservoirs or for 
many enhanced oil recovery projects. In these reservoirs the tem- 
perature of the formation changes, and as a result, many of the 
formation properties change. Absolute permeability is an essen- 
tial parameter, and it is important to study the effect of tem- 
perature on absolute permeability. 

Experiments investigating the effect of temperature on abso- 
lute permeability have been carried out during the last decade. 
These experiments covered a range of rock types, fluids, confining 
pressures, and several other system parameters. It is evident 
that not all results are in agreement. In some cases the same 
observation yielded different interpretations. The investigation 
of the effect of temperature on the permeability to distilled water 
of Berea sandstones is an example of interpretation disagreement. 
Certain researchers claim fine sand migration causes an apparent 
change in the permeability, while others attribute changes to ele- 
vated temperature effects. 

The work presented herein is a study of the effect of tem- 
perature on the absolute permeability to distilled water of un- 
consolidated sandstones at one confining pressure. 

DESCRIPTION OF APPARATUS 

Figure 1 presents a schematic diagram of the absolute permea- 
bility apparatus. The equipment was designed to produce the abso- 
lute permeability of a core at steady-state conditions of tempera- 
ture, flowrate, and confining pressure. The apparatus consists of 
a coreholder, a flow system, a confining pressure system, an air 
bath, and a temperature-pressure-flowrate monitoring system. 

The coreholder is a Hassler-sleeve type. The core is placed 
in a Viton tube supported by a perforated aluminum sleeve. 
mesh screens were placed at both ends of the core to prevent sand 
from flowing. The end plugs are designed to ensure linear flow 
in the core and minimize converging flow stream lines. The pres- 
sure taps are located at the sand faces of the core. 

Fine 
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The flow system includes an accumulator dampened pulsation 
pump that generates the flow of distilled water. Flowrate is 
controlled by a downstream needle valve, and the pore pressure 
is maintained by an upstream relief valve. 

The confining system is pressurized by a hydraulic hand pump. 
An oil-water pressure vessel transmits the oil pressure to the 
confining water. 

The air bath houses the coreholder. It is a potentiometric- 
controlled air bath which produces a constant temperature environ- 
ment with insignificant temperature oscillations. 

The monitoring system handles temperature, pressure drop 
across the core, and the flowrate. Temperature is measured in 
the flow lines upstream and downstream of the core. The coreholder 
temperature is measured as well. Effluent temperature is measured 
to convert room volumetric flowrates to run conditions. The pres- 
sure drop across the core is measured and recorded continuously 
during the run. Volumetric flowrates at room conditions are mea- 
sured by a graduated cylinder and a timer. 

PROCEDURE 

The sand is sieved and washed with distilled water. Washing 
is done to minimize the amount of fines. Then the sand is dried 
at 6O0C-70"C. The coreholder is packed and the dimensions of the 
core are measured. The core is evacuated while being confined at 
2000 psig. The core is flowed after a vacuum of 1 Torr or less is 
established and maintained for several hours. 

Several measurements of the permeability are made at a given 
temperature. The permeability is calculated for two or three 
flowrates. Then the average permeability and the errors are cal- 
culated. Two temperature cycles are carried out in every run with 
a run lasting about three days. 

The runs are followed by a visual inspection of the core plug 
to ensure that no damage is evident. 

SUMMARY OF RESULTS 

Ottawa silica sand was used to construct the cores. In Runs 
No. 8 and No. 9, 150 mesh sand was used, and in Runs No.  10 and 
No. 11, 200 mesh sand was used. Every run consisted of two heat- 
ing cycles to 300°F. A constant confining pressure set at 2000 
psig was maintained throughout the runs. There was no evidence of 
fines migration at the downstream end of the system. In general, 
there were no problems in establishing steady-state conditions and 
measuring the absolute permeability. 
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Figure 2 presents the permeability at various temperatures as 
obtained in the described experiment. 
the absolute permeability with respect to temperature and time was 
observed. 
5% after one heating and cooling cycle. 
and 300°F were constant during the two temperature cycles. During 
the first heating cycle, the permeability dropped and then remained 
fairly constant. This suggests that upon the first heating of the 
sand, several things can be triggered, such as readjustment of the 
sand grains or a change in the characteristics of the wetting layer. 
The packing procedure for the core provides good reproducibility 
of the permeability. For all practical purposes, the two types of 
sands, 150 mesh and 200 mesh, produced the same permeability vs 
temperature behavior. About 200 pore volumes of distilled water 
were injected in every run, and no dependence of the permeability 
on time was observed. This is attributed to the initially high 
permeabilities of the packs, about 2500 md to 5000 md, and to the 
sieving and washing of the sand prior to packing. 

No significant change of 

The permeability at room temperature was reduced by about 
The permeabilities at 250°F 

Figure 2 also shows the experimental errors. The experimental 
errors were in the range of +2% to 4%. The variations in measure- 
ment at a given temperature were in the range of +1% to 2%. - 

CONCLUSIONS 

The absolute permeability to distilled water of Ottawa silica 
This result agrees sand was not dependent on the temperature level. 

with much of the data in the literature. Thus far it is believed 
that some of the work done at Stanford University in the last few 
years experienced some mechanical problems that resulted in unre- 
liable results. To expand these conclusions, several experiments 
will be carried out. These experiments will study a variety of 
consolidated sandstones as well as a range of confining pressures. 
The absolute permeability experimental work is leading to a con- 
tinuing work on the relative permeability dependence on temperature 
level. 

It should be emphasized that temperature level effects on 
capillary pressure and relative permeabilities for sandstones are 
still important. 
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LOG I N T E R P R E T A T I O N  TECHi i IQUES TO IDENTIFY PRODUCTION ZONES 

I N  GEOTHERMAL WELLS 

I c o m p l e t i o n s  a re  r o u t i n e .  The d e f i n i t i o n  o f  t h e  a c t u a l  p r o d u c t i o n  zone o r  

zones i s  g e n e r a l l y  n o t  known v e r y  we1 1, i f  a t  a1 1. 

Mark MatheiJs 

Geosci ences U i  v i  s i  on 

L o s  Alamos S c i e n t i f i c  L a b o r a t o r y  

Los Alainos, New Mexico 87545 

A b s t r a c t  
I d e n t i f i c a t i o n  o f  p r o d u c t i o n  zones i n  a f r a c t u r e d  o r  f a u l t e d  qeotherrnal 

w e l l  i s  q u a n t i t a t i v e l y  d i f f i c u l t .  Temperature and s p i n n e r  surveys  a l o n g  
w i t h  f l o w  t e n s  a r e  t h e  techn iques  g e n e r a l l y  used t o  i d e n t i f y  and d e s c r i b e  
these  f r a c t u r e d  zones d u r i n g  p r o d u c t i o n  t e s t i n g .  These t e c h n i q u e s  gener -  
a l l y  do n o t  d e s c r i b e  t h e  p r o d u c t i o n  zones i n  any d e t a i l  and t h e y  m iss  o r  
bypass p o t e n t i a l  zones o f  p r o d u c t i o n  when f r a c t u r e s  have been c l o s e d  o r  
p lugged d u r i n g  t h e  d r i l l i n g  process. These l a t t e r  zones c o u l d  p o s s i b l y  be 
s t i m u l a t e d  ( h y d r a u l i c  f r a c t u r i n g ,  a c i d i z i n g ,  \ e x p l o s i v e  f r a c t u r i n g )  and 
b r o u g h t  i n t o  p r o d u c t i o n  i f  a l l  t h e  f r a c t u r e  zones c o u l d  be i d e n t i f i e d  and 
d e s c r i b e d .  I n t e r p r e t a t i o n  techn iques  u s i n g  w i r e l i n e  l o g s  show p r o n i s c  i n  
i d e n t i f y i n g  and d e s c r i b i n g  f r a c t u r e d  (open and c l o s e d )  zones i n  geothermal 
w e l l s .  The s t r a t e g y  d e s c r i b e d  i n  t h i s  paper on two d i f f e r e n t  geothermal 
w e l l s  ( t h e  h o t  d r y  r o c k  w e l l  and t h e  S u r p r i s e  V a l l e y  w e l l )  used a t r i a l  and 
e r r o r  b a s i s  t o  o u t l i n e  and d e f i n e  t h e  i n t e r p r e t a t i o n  t e c h n i q u e s  t h a t  Nork 
b e s t  i n  each case. F r a c t u r e  zones a re  i d e n t i f i e d  t h a t  a r e  b o t h  open and 
c l o s e d  and t h i s  t y p e  o f  i n f o r m a t i o n  g i v e s  a b e t t e r  e s t i m a t i o n  o f  r e s e r v o i r  
s i z e ,  f l ow  c o n t r o l  and r e s e r v o i r  l i f e  ( p r o d u c t i o n  p o t e n t i a l )  f r o m  geo the r -  
ma l  N e l l s .  

I n t r o d u c t i o n  

I s o l a t i o n  o f  p o t e n t i a l  p r o d u c t i o n ,  zones by  p e r f o r a t i n g  a Cemented 

c a s i n g  i s  a common and r o u t i n e  p r a c t i c e  i n '  r e s e r v o i r  e n g i n e e r i n g  f o r  o i l  

and gas p r o d u c t i o n .  Open h o l  e and s l  o t t e d .  c a s i  ng c o m p l e t i o n  techn iques  a re  

used o c c a s i o n a l l y  i n  competent f o r m a t i o n s ,  b u t  l a c k  t h e  c o n t r o l  and d e f i n i -  

t i o n  o f  t h e  p r o d u c t i o n  zones. I n  geothermal w e l l  c o m p l e t i o n s  and usua l  

geothermal r e s e r v o i r  eng i  n e e r i  ng p r a c t i c e  , open h o l  e and s l  o t t e d  c a s i  ng 
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I s o l a t i o n  of potential geothermal production zones in fractured igneous 

rock i s  d i f f i cu l t .  Detection of fractures with a single re l iable  logging 

o r  interpretation technique has n o t  yet been developed. I n  an a r t i c l e ,  

"Current Status on the Study of Na tu ra l  ly Fractured Reservoirs ,'I the 

authors, K. Aguilers and H .  H .  Poolen, l i s t  eight different techniques for 

resolving the fracture identification problems i n  o i l  and gas reservoirs. 

These eight techniques of fracture identification are supported by 214 

references, a n d  32 of these references are related t o  log-analysis tecn- 

niques. The interpretation techniques t h a t  are useful for a specific 

hydrocarbon well and f ie ld  are found on a t r i a l  and error  basis. This i s  

also the strategy t h a t  has beefi used i n  geothermal wells and f ie lds .  

Fracture Zone Identification 

I n  the Geothermal del 1 Log Interpretation State-of-the-Art Report 

(LA-8Lll-iMS) 11 logs o r  log interpretation techniques are discussed t h a t  

m i g h t  be used for the location of fractures.  Tnese logs o r  log interpre- 

tation techniques are: 

(1 ) 
( 2 )  Temperature surveys 
( 3 )  Acoustic logs ( fu l l  wave sonic, amplitude waves, cycle skipping, 

( 4 )  
( 5 )  Borehole televiewer 
( 6 )  
( 7 )  Resistivity logs 
(8)  
( 9 )  Multiarm microresist ivity logs (dipmeter) 
(10 )  Spectral gamma l o g  (potassium, u ran iu ,n ,  thorium content) 
(11) Rock strength (bulk modulus computed from sonic and density logs) .  
A n  example of the use of some of these techniques for evaluation of 

Borehol e geometry (cal i per 1 ogs) 

etc.  
Porosity comparisons (sonic vs neutron vs density) 

Spontaneous potenti a1 - SP (streaming potenti a1 ) 

Compensated density log  (correction curve) 

fractures i n  a hot dry well a t  Fenton Hil l ,  New Mexico will be presented. 

Five techniques were used t o  define and quantify the variable termed 

"Frac." The techniques used were: 
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( I )  Resistivity 
( 2 )  Caliper (hole washout) 
( 3 )  Correction curve for density l o g  when borehole i s  i n  gauge 

(excessive correction) 
( 4 )  Comparisons of porosity (sonic vs density vs neutron) 
( 5 )  Rock strength (inechan cal properties using sonic and density 

1 ogs) . 
A l i s t  of each technique t h a t  indicated a fracture a t  a given depth was 

added a value of 1 t o  Frac. With a range o f  0 t o  5 ,  the larger the value 

of Frac, the possibi l i ty  of the existence of fractures increases. This 

resul t  of the application of t h i s  method i s  displayed in Figure 1. 

The description of the rock i n  the interval from 19ds-2327 i n  (62SL)-6650 

f t )  i s  given by P e t t i t t ,  1975,  and Kintzinger and others,  1977, as pre- 

dominantly l i g h t  p i n k  granite. The zones from Figure 1 t h a t  have values of 

5 for Frac are a t  depths of 2006.1 m (6580 f t ) ,  2d22 m (6632 f t ) .  These 

zones are fractured as described by Kintzinger ( 1 9 7 7 ) .  de note t h a t  no 

estimates of permeability were made, b u t  i t  i s  estimated t h a t  values vJere 

very low. 

Another example of fracture detection i s  presented i n  the case history 

report on Surprise Valley, California for ttle Phipps No. 2 geothermal well 

T h i  s we1 1 was d r i  I led t h r o u g h  a complex igneous 1 ithol ogy sequence con- 

s i  s t i  ng of basalt , brecci a ,  aggl omerate, vol cani  c ash, and welded t u f f  * 

Tne detailed description of the l i thologic column was accomplished t h r o u g h  

the use of well cuttings and various wireline logs. The potential open 

and closed fractures were identified by l o g  interpretation techniques. 

These are: 

(1) Spontaneous potential ( S P )  combined with the r e s i s t i v i ty  logs 
( 2 )  Uensi ty response 
( 3 )  Neutron response. 
The SP deflections on the order of 10 t o  15 mil l ivol ts  indicated an  

open fracture in t h i s  well. Also the difference in the neutron porosity 

(o,,,) and the calculated density porosity [o,, = ( p m  - p ) / ( p r n  - l ) ] ,  where pm 
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i s  the m a t r i x  density and  P i s  the density log value, indicated open and 

closed f rac tures .  The washed out interval s were deterini ned from the 

ca l iper  log and are s e t  t o  -1 t o  render them eas i ly  i d e n t i f i a b l e .  Where 

the porosity difference becomes negative (see Figure 2 )  and corresponds t o  

a SP def lec t ion ,  these indicat ions denote zones of open fractur ing.  These 

zones s h o u l d  be isolated and tes ted for  no t  water production. Note t h a t  no 

estimates of permeability of the zones can be made from the log d a t a .  

Concl u s i  ons  

Production zones of geothermal we1 1 s t h a t  are re1 ated t o  f rac tures  can 

be ident i f ied  by the use of d r i l l  cu t t ings  and wireline logs. Each geo- 

thermal f i e l d  or area has local conditions t h a t  suggest the various in te r -  

pret.ation techniques for detecting and evaluating f r a c t u r e  systems. No 

s i n g 1  e re1 i able in te rpre ta t ion  technique for  detecting and evaluating frac-  

tu re  systems h a s  been developed. A t r i a l  and e r r o r  approach with various 

logging and in te rpre ta t ion  techniques t o  locate and evaluate f rac tures  has 

been shown i n  two d i f f e r e n t  geotherinal f i e l d s  i n  t h i s  paper. Production 

t e s t i n g  of the zones indicated as f rac tures  will verify these r e s u l t s .  I f  

the r e s u l t s  are pos i t ive ,  t h i s  type of information will y ie ld  b e t t e r  reser-  

v o i r  s ize  d e f i n i t i o n ,  flow control ,  and estimation of production from geo- 

thermal we1 1 s.  
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Abstract 

Formation evaluation i s  of great importance in geothermal devel- 
opment because of the h i g h  capital  costs and the f a c t  t ha t  suc- 
cessful exploration will  only pay off through a subsequent deci- 
sion to  construct a power plant or  other u t i l i za t ion  f a c i l i t y .  
Since much formation data is  available from well logging, devel- 
opment of new techniques of log interpretat ion f o r  application 
to  geothermal wells i s  called for .  An analysis of potential near- 
term benefits from this program and the types of formation data 
called f o r  i s  discussed. Much useful information can be devel- 
oped by adaptation of techniques used i n  o i l  and gas reservoirs,  
b u t  the different  demands of geothermal development from hydro- 
carbon production a l so  open up  new data requirements. 

Introduction 

Well logging fo r  the petroleum industry f i r s t  developed in the 
1920's and 1930's when there was a suf f ic ien t  demand f o r  logging 
services t o  st imulate industry. Logging techniques have developed 
slowly over a period of decades. These techniques a re  sometimes 
unsuited to  the needs of geothermal development, par t ly  because 
the types of d a t a  called fo r  are  not identical  t o  the data needs 
of the petroleum industry, and  par t ly  because of the d i f fe ren t  
logging conditions tha t  o b t a i n  in geothermal wells. Today, be- 
cause geothermal development h a s  barely begun, there i s  only lim- 
i ted  demand to  st imulate the development of specialized geothermal 
l o g g i n g  services.  However, by developing the knowledge necessary 
to  in te rpre t  the character is t ics  of geothermal reservoirs from log 
data immediately, the geothermal industry will benefit  and  devel - 
opment of geothermal resources may be accelerated. The Geothermal 
Log Interpretation Program a t  the Los Alamos Sc ien t i f ic  Laboratory 
is charged with the development of log interpretat ion techniques 
t o  address geothermal problems. As par t  of this e f f o r t  an assess- 
ment was made of potential benefits  t ha t  migh t  r e su l t  from a p p l i -  
cation of improved logging d a t a .  

Benefit Ident i f icat ion 

The analysis focuses on development of hydrothermal resources for  
e l e c t r i c  power generation. This i s  l ike ly  to  embrace the bulk o f  
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near-term geothermal development. Development of hot dry rock 
and geopressured resources, and development fo r  geothermal non- 
e l e c t r i c  applications,  a re  not ye t  suf f ic ien t ly  advanced f o r  a 
quantitative projection of the i r  logging requirements. 

Improvements i n  the  process of geothermal development can come 
about i n  three ways. A direct  reduction i n  the costs  associated 
w i t h  development will produce a benefit equal t o  the dol la rs  saved. 
This benefit may ultimately be realized as a reduction of the cost 
of power o r  as  increased investment i n  development elsewhere, 
which will y i e ld  benefits indirectly.  
development will  produce benefits of two types: 
velopment is effect ively reduced i f  losses are  cut and develop- 
ment may be accelerated by increased ava i l ab i l i t y  of investor cap- 
i t a l  i n  response to  the reduced r isk.  Finally, improved data 
that  can aid the process of applying f o r  and obtaining regulatory 
permits can allow more rapid completion of proposed power plants.  

A reduction i n  the  risk of 
the cost  of de- 

Geothermal development is highly capi ta l  intensive. I n i t i a l  i n -  
vestment involves not only the cost of f i e l d  development, b u t  a l -  
so power plant construction. Furthermore, since several produc- 
tion wells a r e  required to  supply a power plant,  revenue may not 
be realized unt i l  the en t i r e  investment i s  made. Payout on the 
investment occurs over the 20 to  30 year l i f e  of the power plant ,  
which may subs tan t ia l ly  exceed the l i f e  of individual production 
we1 1s. T h i s  renders geothermal development extremely sens i t ive  
t o  i n i t i a l  risk. A large amount of capi ta l  i s  a t  risk f o r  an ex- 
tended period, and there is  a substantial  delay between investment 
and the commencement of revenues. 

Reinjection is  another important feature o f  geothermal development. 
Reinjection of produced brine will be required i n  a l l ,  o r  v i r tua l ly  
a l l ,  geothermal development. The enormous quant i t ies  of brine i n -  
volved make this a major factor ,  approximately doubling the number 
of wells required. In addition, the large volumes withdrawn and 
reinjected r a i s e  serious questions regarding the poss ib i l i ty  of 
subsidence o r  induced seismicity. T h i s  may be a s ign i f icant  i s -  
sue i n  the permitting process. This places a d d i t i o n a l  value on 
knowledge of reservoir structure and the mechanical properties of 
the formation. 
voir also become important since reinject ion may be needed to  main- 
ta in  productivity. 

Log data can be applied to  benefit a geothermal development pro- 
gram i n  a number of ways. Table I summarizes potential benefici- 
al impacts of the development of improved techniques f o r  geother- 
mal logging and interpretation. 

Permeability and the pattern of flow i n  the reser- 

Benefit Estimate 

A quantitative estimate of possible near-term benefits from re- 
search in geothermal logging and interpretat ion,  based on develop- 
ment of  hydrothermal areas for e l e c t r i c i t y  generation i n  the U.S., 
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was prepared f o r  LASL. 
Energy scenario of geothermal development and d r i l l i n g  cos ts  and 
corrected f o r  i n f l a t ion  and energy costs  t o  1981 do l l a r s .  Details  
of the  scenario and cost /benefi t  analysis  can be found i n  Referen- 
ces 1,  2 and 3. Benefits were grouped in to  five c lasses  of cos t  
savings plus the benefit of ea r l  i er power-on-1 ine. Gross benefits 
(no allowance f o r  cos t  of logging and in t e rp re t a t ion )  i n  constant 
1981 dol la rs  were: 

The es t imate  was based on a Department of 

Improved d r i l l i n g  success $175.8 x l o6  
e Reduced exploratory d r i l l i n g  $ 49.5 x l o 6  
e Reduced flow t e s t i n g  
e Reduced d r i l l i n g  costs  

$ 78.4 x l o 6  
$175.8 x l o6  

e Reduced re in jec t ion  requirements $ 80.3 x l o6  
Scenario acceleration $328.6 x lo6  

Dri 11 i n g  Success 

Wells a r e  s i ted on the basis  of the picture  of the reservoi r  t h a t  
i s  b u i l t  up  from geophysical and geological survey data f o r  the 
area and data from other  wells.  Obviously, the  f i r s t  well on a 
s i t e  cannot benefit from log data,  b u t  l a t e r  wells may. In te r -  
well cor re la t ion  i s  an es tab l i shed  tool for revealing reservoir 
s t ruc ture .  
t i a l  value i n  well s i t i n g  i s  the use of the well log t o  improve 
o r  c l a r i f y  the  analysis  of o ther  geophysical data. Combination 
of seismic data w i t h  sonic l o g  data has produced good r e s u l t s  i n  
the petroleum industry (Ref. 4 )  and migh t  a l so  be useful i n  geo- 
thermal s tud ies .  
use of  r e s i s t i v i t y  log data i n  combination w i t h  magnetotelluric 
data t o  examine a geothermal reservoir. Development of borehole 
to  surface and borehole t o  borehole techniques may a l so  o f f e r  
benef i t s  . 

Another appl icat ion of log data which holds poten-  

Rigby and McEuen (Ref. 5 )  g ive  an example of 

Reduction of Expenditures on Unsuccessful 
Exploratory We1 1 s 

Decisions t o  abandon d r i l l i n g  i n  a poor we 1 o r  t o  perform clean- 
ups ,  r u n  a l i n e r ,  and t e s t  a marginal well a r e  d i f f i c u l t  and may 
involve a large f rac t ion  of t h e  to t a l  well cos t .  Formation tem- 
perature can be an important f ac to r  i n  dec sions made d u r i n g  
d r i l l i n g  (such a s  whether t o  continue t o  grea te r  d e p t h ) .  
nology t h a t  could a s s i s t  i n  estimating formation temperature away 
from the disturbance near the borehole would be useful (Ref. 6 ) .  
Assessment of  permeability is  a second important concern i n  the 
decision t o  clean up and test a well. 
f ractur ing can be valuable information i n  this context.  

Tech- 

Location and density of 
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Reduced Well Costs 

Log data are  used i n  preparing b i t  and casing p lans  and i n  other 
d r i l l i ng  decisions. I t  i s  important t o  develop an experience base 
regarding l i tho logic  ident i f icat ion and i ts  relationship to  d r i l l -  
ab i l i t y  i n  the igneous and metamorphic l i thologies  frequently en- 
countered i n  geothermal wells. 
a l te ra t ion  has been found to  be d i f f i c u l t  i n  some areas due to  u n -  
ce r ta in t ies  i n  tool response to  fracturing and t o  hydrothermal a l -  
teration products. Determination of  dominant f racture  orientation 
m i g h t  also be taken advantage of t o  control d r i l l i n g  to  achieve 
maximum intersect ion of f ractures .  Selection of ta rge t  depths can 
be a problem when the geologic goal i s  not a s t r a t i f i e d  formation. 
Logging d u r i n g  d r i l l i n g  t o  determine temperature, porosity,  f rac-  
tured zones encountered, e t c .  may be economically desirable i n  
some geothermal areas where well costs a re  h igh .  

Assessing porosity and  degree of 

Reduced F1 ow Testing 

Because of the h i g h  capi ta l  investment involved i n  the power plant,  
flow test ing may be prolonged, even f o r  wells i n  established geo- 
thermal areas.  Large production intervals ,  uncertainty i n  loca- 
t i n g  permeable zones, and heterogeneous formations may make flow 
t e s t  analysis d i f f i c u l t .  
major f ractures  together w i t h  more disseminated porosity) d i s t i n -  
g u i s h i n g  porosity types can be important, as can data on fracture  
separation. Increased confidence i n  flow t e s t  analysis may allow 
reduced testing time o r  an equivalent indirect  benefit .  

In dua l  porosity formations (discreet  

Reduced Re i n j e c  t i on 

Requirements f o r  100 percent reinjection or deep reinject ion can 
represent a s ign i f icant  cost  factor .  Aside from these,  permitting 
delays may a l s o  be encountered due  t o  disputes over t h e  re inject ion 
plan. An e f fec t ive  reinjection plan i s  a l so  valuable to  long-term 
reservoir performance. 
-- i n  situ f l u i d  charac te r i s t ics ,  location of major f a u l t s  and frat- 
tures,  reservoir boundaries and other s t ructural  features ,  perme- 
ab i l i t y  and comunication between reinjection and production areas,  
and mechanical properties of the reservoir rock may be of value i n  
planning and permitting. 
of compaction could a l so  be of Val ue. 

Information on the hydrologic regime and 

The a b i l i t y  t o  monitor fo r  ear ly  signs 

Accelerated Power-On-Line 

Much greater than any of the f ive preceding classes of cost  reduc- 
tions is  the  benefit  tha t  may accrue t o  the nation from time sav- 
ings  which can lead to  an e a r l i e r  s ta r t  of power plant construction 
and e a r l i e r  power-on-line. 
by a u t i l i t y  o r  other investor t o  commit capital  f o r  a power plant,  

A key factor  i n  this i s  the decision 
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and this wi l l  depend on the confidence placed i n  whatever model o r  
picture  of the reservoi r  there i s .  
e rvoi r  temperature and pressure , evidence of resource extent and 
thickness ( t o  w h i c h  log-constrained inversion of geophysical data 
may cont r ibu te) ,  hydrologic evidence such as  formation f l u i d  s a l -  
in i t ies ,  and analysis  of reservoir  permeability and poros i t ies .  

Important data wil l  include res- 

Concl usi on 

In geothermal development the s i g n i f i c a n t  problems of  formation 
analysis  and log in te rpre ta t ion  contain several  shifts i n  emphasis 
from conventional pract ice  i n  the search f o r  f o s s i l  fuel resources. 
Signif icant  national benefi ts  are possible i n  the  form of cos t  re-  
ductions and o f  more rapid development. The most obvious example 
is the paramount importance of temperature and temperature gradient .  
Other fac tors  a re  introduced by the d i f f e ren t  reservoi r  s t ruc tu res ,  
the high cos t  of d r i l l i n g  i n  many geothermal a reas ,  and the  h i g h  
capi ta l  investment involved in the surface p lan t .  

Re fe  ren ce s 

1. MITRE, "Prospects f o r  Improvement i n  Geothermal Well Technolo- 
gy and Their Expected Benefits ," U.S. Department of Energy, 
HCP/T4014-04, June 1978. 

2. Rigby, F.A. and P. Reardon, "Benefit/Cost Analysis f o r  Research 
in Geothermal Log In te rpre ta t ion ,"  Los Alamos S c i e n t i f i c  Labor- 
atory Report LA-7922-MSY July 1979. 

3. Rigby, F.A.,  "Applications of Geothermal Well Log Data f o r  
Evaluation of Reservoir Potential  , I '  Draft  Final Report pre- 
pared f o r  Geothermal Log In te rpre ta t ion  Program, Los Alamos 
Sc ien t i f i c  Laboratory Contract No. 4-L69-2142K-l, July 1980. 

4. Stone, D.G. and H.B. Evans, "Extrapolating Logs Run i n  Explor- 
ation o r  Development Wells Using Seismic Data," Society of Pro- 
fessional We1 1 Log Analysts, Twenty-Fi rst Annual Logging Sym- 
posium, Proceedings, Paper K K ,  July 8-11, 1980. 

Extrapolation w i t h  MT Data f o r  a Geothermal S i t e , "  S.P.E. of 
AIME, 55th Annual Conference, Dallas, TX, September 1980. 

5. Rigby, F.A.  and R . R .  McEuen, "An Example of Res i s t iv i ty  Log 

6. Vagelatos, N.,  D.K. Steinman and J. John, "Neutron Formation 
Temperature Guage and Neutron Activation Analysis Brine Flow 
Meter," U.S. Department of Energy, 1RT-7021-019, March 1978. 



Table I .  Impact o f  Improved I n t e r p r e t a t i o n  and App l i ca t i on  o f  Logged Data 

IMPACT A C T I V I T Y  REQUIREMENTS 
B e t t e r  I n t e r a c t i o n  w i th  Other Exp lo ra to ry  Data, New 

Logging Techniques 
B e t t e r  Knowledge o f  t he  Reservoi r  

B e t t e r  Se lec t i on  o f  To ta l  Depth 
Reduced Flow Tes t ing  o f  Product ion Wells Based on 

Improved D r i l l i n g  Exp lo ra t i on  

Reduced D r i l l i n g  Cost Reservoir Modelina 

Development Program 
Development Program and Preplanning Wells, Improved o r  More Rapid completion, 

Success Rate 

" 

Reduced Tes t ing  Time Assessment Greater  Comparabil i t .y  and Re la t i on  o f  Loqqed 
-1 

Parameters t o  Product ion Characte r i  s t i cs 
J u s t i f i c a t i o n  f o r  Less Than 100% Re in jec t i on ,  

J u s t i f i c a t i o n  f o r  Shallow R e i n j e c t i o n  
B e t t e r  Contro l  o f  Re in jec t i on  Well Clogging 
B e t t e r  Contro l  o f  Subsidence and Se ismic i ty ,  A b i l i t y  

Achievement o f  Development Agreements Based on Fewer 
We1 I s ,  Reduced Investment "Up F ron t "  

Improved Re in jec t i on  Environmental P ro tec t i on  

Smoother Permi t t i n g Environmental P ro tec t i on  

Reduced Number o f  

Accel e ra  t e d  Reservoi r  Model i n g  and E a r l i e r  U t i l i t y  Committment 
F a c i l i t a t i o n  o f  Un i t i za -  

Reservoir  Management Program 

, 
y 

t o  Mon i to r  Reservoi r  2 
Expl ora t i on Exp lora tory  We1 1 s 

Development As s e s s me n t 

E a r l i e r  Agreement, More Equ i tab le  A l lo tment  o f  

Easier  o r  E a r l i e r  Determinat ion o f  B r ine  Chemistry 
A p p l i c a t i o n  t o  Se lec t i on  o f  Completion and Well 

Reservoi r  Moni tor ing,  Improved Modeling, and 

Revenues o r  D r i l l i n g  Rights  
t r o l l  ing"Deve1opment 

P lan t  Design P1 an t  Operation 

Reservoir  Management Improved We1 1 
Performance 

Extended F i e l d  L i f e  Reservoir  Management 
Locat ion  o f  New Resourc- 

S t imu la t i on  Techniques 

Re in jec t i on  Contro l  

Development Program t i o n  Agreement o r  
Other Requl a t i ons  Con- 

E a r l i e r  Agreement, More Equ i tab le  A l lo tment  o f  

Easier  o r  E a r l i e r  Determinat ion o f  B r ine  Chemistry 
A p p l i c a t i o n  t o  Se lec t i on  o f  Completion and Well 

Reservoi r  Moni tor ing,  Improved Modeling, and 

Revenues o r  D r i l l i n g  Rights  Development Program t i o n  Agreement o r  
Other Regulat ions Con- 
t r o l  1 i n g  Development 

P lan t  Design P1 an t  Operation 

Reservoir  Management Improved We1 1 
Performance 

Extended F i e l d  L i f e  Reservoir  Management 
Locat ion  o f  New Resourc- 

S t imu la t i on  Techniques 

Re in jec t i on  Contro l  

es o r  Resources That Exploration 
Would Otherwise Be New Techniques and I n t e r a c t i o n  w i t h  Surface Data 

Over1 ooked 
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EFFECT OF TEMPERATURE AND SOLUTION COMPOSITION ON THE PERMEABILITY 
OF ST. PETERS SANDSTONE: ROLE OF IRON (111) 

J.M. Potter, A. Nur, Stanford Rock Physics Project 
W.E. Dibble Jr., Dept. of Geology, Stanford University, Stan- 
ford, California 94305 

INTRODUCTION 

Understanding of the permeability of reservoir rocks at ele- 
vated temperature is becoming increasingly important both in oil 
field development and stimulation and in geothermal energy pro- 
duction. Rock properties such as permeability are often measured 
at ambient conditions with reservoir characteristics then based on 
these ambient measurements. liowever, rock and fluid properties 
may be radically altered at elevated temperatures due to the en- 
hanced rates of mineral dissolution and growth and other geochemi- 
cal processes. 

determining the permeability of sandstones at reservoir conditions: 
Aruna (1976)  measured permeability using water, nitrogen, oil, and 
2-octonol of quartz sandstones at reservoir conditions as a func- 
tion of temperature. A strong reversible decrease in permea- 
bility was noted when water was used. Rock permeability to the 
other fluids showed essentially no change with temperature. 
These results were supported by similar experimental studies of 
Danesh and others (1978)  and Gobran and others (1980) .  Experi- 
ments by Piwinski and Netherton (1977)  have shown decreases in 
permeability during continuous flow of Salton Sea brines through 
sandstone cores at 90°C. Read (1980)  has observed decreases in 
permeability during dissolution studies of sand packs and cores 
at temperatures to 260°C. 

the effects of temperature and fluid composition on the per- 
meability of quartz sandstones. We have concentrated our in- 
itial efforts on the time and flow dependence at 2 elevated tem- 
peratures (lOO°C, 200°C). 

A number of previous experimental studies have focused on 

The purpose of this study was to systematically investigate 

EXPERIMENTAL APPARATUS AND PROCEDURE 

The equipment used was designed for continuous flow per- 
meability studies to 300°C at confining pressures to 1.5 kbars. 
Fluid used in the experiments is pumped with a single piston 
metering pump with a gas-fluid separator in line to dampen 
pressure pulsations. Fluid is preheated to within 2°C of the 
experimental temperatures prior to entering the core holder. 
Metering valves control outflow rate which is simultaneously 
measured using a ball float gauge. Differential pressure is 
measured with a differential pressure transducer and readout. 
The initial system was built using stainless steel tubing and 
preheater in the flow line system. A second system was later 
built using titanium tubing and a special teflon liner for the 
fluid preheater. 
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Cores 5 cm long by 2.5 cm diameter of St. Peter Sandstone 
(>99% quartz) were used in these experiments. At room temperature 
no permeability decrease due to particle migration or clay plug- 
ging has been observed in this rock. The fluid used was boiled, 
distilled, deionized water. Typically the core was placed in the 
pressure vessel and then evacuated for several hours. The core 
was saturated at room temperature, and the permeability measured. 
The core was then revacuated and the pressure vessel -pressure 
lines heated to the desired experimental temperature. Permea- 
bilities were measured continuously through the experiment after 
the core was resaturated at temperature. Viscosity and density 
of the fluid at experimental conditions were taken from the 
Handbook - of Chemistry and Physics (1969). 

RESULTS 

The first experiment was run using distilled water and the 
stainless steel experimental system. The results are shown in 
Figure 1 (curve a). The relative permeability, normalized to a 
reference room temperature value KO, 
with time. After 400 minutes of flow the pump was shut off. 
After 5 additional minutes, flow was briefly resumed for an ad- 
ditional measurement. This was repeated several times to de- 
termine permeability (K) during the non-flow period. The ap- 
parent permeability of the rock increases to a steady level 
during this period, approximately 73% of the room temperature 
permeability, and about 8% higher than the value measured dur- 
ing the flow part of the experiment. The core was then re- 
evacuated, resaturated, and the permeability remeasured, at 
the same temperature. The measured permeability was equiva- 
lent to that measured at the start of the first experiment, or 
95% of the room temperature permeability. This sequence de- 
monstrates the reversibility of the measured permeability with 
respect to flow and resaturation. After removal of the core 
from the permeameter a slight reddish discoloration was noticed 
on the input end of the core which extended .25 om into the 
core. 

The results using the stainless steel system suggested 
that some type of plugging mechanism was responsible for the 
permeability decreases. The iron derived from corrosion of 
the steel in the flow system was considered to be a possible 
fouling material. To test this possibility experiments were 
repeated at 100°C using an inert flow system equipped with 
titanium and teflon. Titanium was used because of its inert 
properties even under extremely corrosive solution conditions 
(low pH, high Eh). The results of this experiment are shown 
on Figure 1, (curve b). Essentially no change in permeability 
was observed even in 400 ml of flow. 

To test the system's response at even high temperature, 
the core was evacuated and heated to 200°C. After resatura- 
ting, approximately 400 ml of water was flowed through the core 
with no observed decrease in permeability. The core was re- 
evacuated and cooled to 100°C with no apparent decrease in per- 
meability. After cooling to 21°C the entire heating and cool- 

drops off non-linearily 
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ing permeability cycle was repeated except that the core was kept 
saturated the entire time. Only very slight increase (< lo%)  in 
permeability was observed during either one of these cycles. The 
results of these two experiments are shown on Figure 2, where per- 
meability is plotted as a function of temperature. 

ments were run in the titanium flow system using a dilute FeC13 
solution (10PPM) at 100°C. The first solution was passed through 
the core with the H of the solution (3.5) deterimned by the hy- 

on the same core with the pH of the solution titrated with KOH to 
5 prior to entry into the flow system. The permeability of the 
unbuffered experiment decreased slightly with time, while the 
permeability of the higher pH experiment decreased more sharply 
with flow. Figure 1, curve 6 shows the results of these two ex- 
periments. The pH 5 solution became slightly murky with time 
due to the formation colloidal Fe(OH)3. 

As a test of the ferric iron fouling hypothesis two experi- 

drolysis of the Fe P+ . A second experiment was subsequently run 

DISCUSS ION 

The results of our experiments suggest that temperature as 
such has an insignificant effect on the permeability of quartz 
sandstones. Non-inert experimental flow through system such as 
those built with stainless steel will show substantial flow de- 
pendent decreases in permeability at elevated temperature due to 
the precipitation of colloidal ferric oxides or hydroxides in the 
flow channels. We believe that the ferric ion is produced during 
the oxidation-corrosion of the steel. Very low concentrations of 
Fe3+ 
bility in 30 ml or less of fluid flow at 100°C. 

since he observed strong decreases in permeability with time at 
elevated temperature even though his solutions (at a pH of 11) 
dissolved a significant amount of quartz during the experiment. 
Webelieve that the results observed by Aruna (1976), Danesh and 
others (1978), and Gobran and others (1980), all reflect the 
ferric ion plugging phenomenon which is accentuated at elevated 
temperature. Our observations of the significant apparent per- 
meability increase during periods of no flow may explain the 
partial reversibility of previous experimental permeability vs. 
temperature results. These results are also in agreement with 
those o f  Piwinski and Netherton (1977) in which they related 
sharp decreases in permeability of cores using Salton Sea brines 
to precipitation of ferric hydroxide and amorphous silica. 

There are at least two possible mechanisms for permeability 
reduction by Fe(II1); 1) buildup of colloidal Fe(OH)3 on sur- 
faces in pore throats (colloid fouling), and 2) formation of 
large particles of Fe(OH)3 which collect in pore openings. The 
equilibrium of pH of a Fe(II1) - bearing solution is determined 
by the hydrolysis of the Fe3+ ion. The extent of hydrolysis 
and nature of the hydrolyzed species depend on the equilibrium 
solution pH, temperature, and total iron concentration (Baes 
and Mesmer, 1976). In the experiment in which the solution was 

(10PPM or less) can cause measureable decreases in permea- 

The experiments of Reed (1980) also indicate colloid fouling 
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titrated to a pH of 5 before entering the core, nearly all the 
initial Fe(II1) in solution was converted to ferric hydroxide; 
whereas, in the lower pH solution, more non-colloidal Fe(II1) 
hydrolysis products were present in solution. The magnitudes 
of the permeability decrease for the different pH solutions 
shown in Figure 1 indicate that the fouling mechanism is pre- 
dominantly colloidal fouling. The coagulation rate of ferric 
hydroxide is probably low in the very low ionic strength so- 
lutions used. However, the pH of the solution is clearly the 
most important factor controlling ferric hydroxide colloid 
formation, coagulation, and subsequent reduction in permea- 
bility. The increase in apparent permeability during static 
non-flow periods also suggests colloid buildup at surfaces is 
reversible in these systems. The results suggest a colloid 
fouling mechanism for permeability reduction may be important 
in natural systems containing Fe(II1)- bearing solutions 
especially at elevated temperatures. 
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TRANSIENT STEAM FLOW I N  
POROUS M E D I A  - THEORY AND EXPERIMENT 

W.N. H e r k e l r a t h  and A.F. Moench 
U .S. Geologica l  Survey 
Menlo Park, CA 94025 

INTRODUCTION 

A p rev ious  workshop summary ( H e r k e l r a t h  and Moench, 1978) 
descr ibed l a b o r a t o r y  s t u d i e s  o f  t r a n s i e n t  steam f l o w  i n  a porous 
medium. The r e s u l t s  i n d i c a t e d  t h a t  t h e  t i m e  r e q u i r e d  f o r  steam- 
pressure t r a n s i e n t s  t o  propagate th rough t h e  medium was as much a s  
30 t imes g r e a t e r  than p r e d i c t e d  by s tandard noncondensable gas- f low 
theory .  
breakthrough was caused by a d s o r p t i o n  o f  steam i n  t h e  porous 
sample. This  " a d s o r p t i o n  l a g  e f f e c t "  has been i n c o r p o r a t e d  i n t o  
t h e  f o l l o w i n g  r e v i s e d  model o f  steam f l o w  i n  a porous medium. 

It was hypothesized t h a t  t h e  d e l a y  i n  t h e  steam pressyre  

THEORY 

The steam-f low model used was b a s i c a l l y  t h a t  developed by 
Moench and Atk inson ( 1 9 7 8 ) ,  m o d i f i e d  t o  t a k e  steam a d s o r p t i o n  i n t o  
account (Moench and H e r k e l r a t h ,  1978). 
d e s c r i b e  one-dimensional, l i n e a r  steam f l o w  i n  a porous medium i s  

The equat ion  used t o  

i n  which t h e  v a r i a b l e s  a r e  as d e f i n e d  i n  t a b l e  1. Th is  equat ion  
d i f f e r s  f rom t h e  s tandard t r a n s i e n t  gas f l o w  e q u a t i o n  i n  t h a t  a 
s i n k  o r  source term f o r  steam, q ' ,  has been added t o  account f o r  
a d s o r p t i o n  o r  v a p o r i z a t i o n  o f  adsorbed water .  I n  t h e  a n a l y s i s ,  t h e  
K l inkenberg  e f f e c t  (K l inkenberg,  1941) was taken i n t o  account  by 
assuming t h a t  t h e  p e r m e a b i l i t y  was a f u n c t i o n  o f  p ressure :  

A simp 
model : 

To o b t a i n  e 

K = K o ( l  + b/P) 

i f i e d  form o f  the  energy equat ion  was 

u a t i o n  3, i t  was assumed t h a t  tempera 
t h e  porous medium occur  o n l y  as a r e s u l t  o f  phase 

( 2 )  

used i n  t h e  

( 3 )  

u r e  changes i n  
changes. 

I n  t h e  model i t  was assumed t h a t  water  a d s o r p t i o n  occurs  i n  
t h e  porous medium a t  steam pressures below t h e  s a t u r a t e d  vapor 
pressure.  The vapor pressure o f  adsorbed water  was assumed t o  
be a f u n c t i o n  o f  t h e  temperature and t h e  amount o f  water  adsorbed: 



- 3 2 3 -  

P = P(T,S) = Po(T) R(3) ( 4 )  

Po(T) r e p r e s e n t s  t h e  s a t u r a t e d  vapor-pressure f u n c t i o n  , and R(S) 
i s  t h e  f u n c t i o n  r e l a t i n g  t h e  r e l a t i v e  vapor p ressu re  i n  t h e  porous 
m a t e r i a l  t o  t h e  f r a c t i o n  o f  t h e  pore space which i s  f i l l e d  by 
adsorb-ed water .  

The equa t ions  were s,olved u s i n g  t h e  f i n i t e - d i f f e r e n c e  methods 
developed by Moench and A t k i n s o n  (1978). 

EXPERIMENTS 

The steam-f low exper iments were modeled a f t e r  t h e  c l a s s i c  
t r a n s i e n t  gas.-flow exper iments r e p o r t e d  by Wall  i c k  and Aronofsky 
(1954). The t e s t  medium used was a u n i f o r m  c y l i n d r i c a l  pack o f  
a n a t u r a l  unconso l i da ted ,  f i n e  sand. I n  t h e  exper iments r e p o r t e d  
here, t h e  sample was i n i t i a l l y  evacuated a t  t h e  r u n n i n g  temperature,  
and then  exposed t o  a l ow  p ressu re  steam source u n t i l  temperature,  
pressure,  and amount o f  wa te r  a d s o r p t i o n  were c o n s t a n t  t h roughou t .  
H i g h  p ressu re  steam was then  a b r u p t l y  i n t r o d u c e d  a t  one end ( Z = O ) ,  
and t h e  r e s u l t i n g  p ressu re  t r a n s i e n t  was measured w i t h  a p ressu re  
t ransducer  a t  t h e  o t h e r  end o f  t h e  c y l i n d e r  (Z=L), which was 
c l o s e d  t o  p r o v i d e  a z e r o - f l o w  boundary. Values o f  t h e  parameters 
a r e  shown i n  t a b l e  2. 

R e s u l t s  o f  t h e  exper iments a r e  summarized i n  f i g u r e s  1 and 2. 
F i g u r e  1 c o n s i s t s  o f  p l o t s  o f  t h e  steam pressure a t  Z=L as a 
f u n c t i o n  o f  t i m e  s i n c e  t h e  s t e p  i nc rease  i n  p ressu re  occu r red  a t  
Z=O. 
u s i n g  n i t r o g e n  gas as t h e  f l u i d ,  t h e  pressure breakthrough was 
10 t o  25 t imes f a s t e r  t han  t h a t  shown i n  f i g u r e  1. 

When t h e  same pressure boundary c o n d i t i o n s  were imposed 

F i g u r e  2 i s  a p l o t  o f  t h e  e q u i l i b r i u m  vapor p ressu re  i n  t h e  
sample as a f u n c t i o n  o f  t h e  amount o f  water  a d s o r p t i o n ,  expressed 
as l i q u i d  s a t u r a t i o n .  
sample t o  a known r e l a t i v e  h u m i d i t y  u n t i l  e q u i l i b r i u m  was ob ta ined ,  
and then we igh ing  i t  t o  determine t h e  amount o f  a d s o r p t i o n .  
r e s u l t s  a r e  v e r y  s i n i i l a r  t o  those r e p o r t e d  by Hsieh (1980). 

ob ta ined  by l eas t - squares  f i t t i n g  t h e  a d s o r p t i o n  i so the rm t o  t h e  
em p i  r i  ca 1 func  t i on 

These da ta  were o b t a i n e d  by exposing t h e  

These 

To s i m p l i f y  t h e  numer ica l  c a l c u l a t i o n s ,  t h e  R(S) f u n c t i o n  was 

DISCUSSION 

The e m p i r i c a l  vapor-pressure- lower ing cu rve  ob ta ined  a t  100°C 
was used i n  t h e  model t o  s i m u l a t e  t h e  exper iments r u n  a t  100°C, 
125OC and 146°C. 
o f  d a t a  a t  h i g h e r  temperatures was n o t  a v a i l a b l e .  However, t he  

The 100°C da ta  were used because a complete s e t  
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resu l t s  of the pressure-transient simulations were affected only 
by changes i n  slope of the vapor-pressure curve, and preliminary 
data indicated only a small change i n  the slope a t  increased 
temperature. 

As shown i n  figure 1, agreement between theory and experiment 
i s  excellent for  a l l  the runs, thus verifying the model for the 
conditions of study. 
has been done t o  obtain the theoretical curves; a l l  the parameters 
were measured independently. 

A U . S .  Geological Survey open-file report i s  being prepared 
to  document these resul ts  more completely. 

I t  should be emphasized tha t  no f i t t i n g  

A and 8 = 

b =  
- 

Hc - 
K =  

K =  
0 

L =  

L =  
P =  

V 

P 0 U )  = 
q '  = 

R(3) = 

s =  
T =  
t =  
z =  

- - 
p V  

p V  

@ =  
- - 

Table 1 
Nota t i on 

Fi t t ing factors i n  re1 at ive vapor-pressure function 
Klinkenberg s l i p  factor 
Heat capacity o f  porous medium 
Permeabi 1 i t y  
In t r ins ic  permeability 
Sample 1 ength 
Latent heat of  vaporization 
Steam pressure 
Saturated vapor-pressu re function 
Rate o f  steam adsorption 
Relative vapor-pressure function 
L i q u i d  sa turat ion,  fractional 
Tern pc r a t u re 
Ti  me 
Position i n  sample 
Viscosity of steam 
Porosity 
Vapor density 
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Table 2 
Values o f  Parameters" 

A = 8.65 x 10-3 
B = 2.30 x 

b = 1.4 x l o 5  dynes/cm* 

= 3.2 x lo-' cal/cm3"C 

K = 3.6 x loe8 cm2 

L = 61.0 cm 

4 = 0.42 cm3/cm3 

HC 

0 

"Remaining parameters a r e  known p r o p e r t i e s  o f  wa te r  a t  
p r e v a i  1 i ng temperature and p ressu re  
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AND ATTENUATION OF SEISMIC WAVES IN ROCKS: 
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Amos Nur 
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Stanford, Ca., 94305 

INTRODUCTION 

In the evaluation of a geothermal resource it is critical to 
know the reservoir geometry, temperature, saturation, state of 
saturants, pore pressure, porosity and permeability. These are the 
parameters which will determine the production feasibility and cost 
effectivness of a geothermal prospect. T h e  increasing sophisti- 
cation of seismic wave data collection and processing and recent 
exerimental work on factors governing wave propagation in rocks has 
stimulated increased interest in the use of active seismic tech- 
niques to determine the -- in situ physical state of crustal rocks for 
engineering applications. In this paper we review experimental 
work showing how wave velocities in rocksaresensitive to para- 
meters of interest to geothermal exploration; effective pressure, 
the degree of water saturation of the pores, and the bulk modulus 
of the pore phase. Seismic attenuation is even more sensitive 
to the degree of saturation and the microgeometry of the pores. 
Both velocity and attenuation are strongly temperature dependent 
and reflect thermal fracturing of the rocks at elevated temper- 
atures. By combining data on attenuation and velocity of com- 
pressional and shear waves considerably greater constraints may be 
placed on the environmental state of the rocks than on the basis 
of P velocities alone. 

WAVE PROPAGATION IN ROCKS 

It is now well known that the major factor governing wave 
propagation in rocks is the presence of small interconnected pores 
and cracks within the rock. Seismic wave velocities depend on the 
elastic moduli and the density of the rock, and the presence of 
pores may alter these parameters. All pores in rock tend to lower 
the effective moduli and hence lower the velocity, but long narrow 
pores are much more effective in softening the rock than equidi- 
mensional ones. 
fined as the fractional energy loss per wave cycle, is generally 
controlled by the interaction of the dynamic strain wave in the 
rock with fluids and/or gasses contained in the pores which ir- 
reversibly dissipate energy from the wave. As the presence of 
pores is the most important factor controlling wave propagation 

The dissipation factor Q - I  of seismic waves, de- 
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i n  rocks ,  most f e a t u r e s  of wave propagat ion are r e l a t i v e l y  in-  
s e n s i t i v e  t o  l i t h o l o g y  but  very s e n s i t i v e  t o  t h e  environmental  
cond i t ions  of t h e  rock. 

(V,) wave v e l o c i t e s  i n  Berea sandstone (po ros i ty  20%) on e f f e c t i v e  
p re s su re  and s a t u r a t i o n  i s  shown i n  F igure  1. The r e s u l t s  i n d i c a t e  
t h a t  pore p re s su re  i s  roughly as e f f e c t i v e  i n  lowering v e l o c i t y  as 
conf in ing  p res su re  i s  i n  r a i s i n g  it .  Both Vp and Vs i n c r e a s e  
r a p i d l y  wi th  e f f e c t i v e  p re s su re  a t  low p r e s s u r e  due t o  t h e  c l o s i n g  
of t h i n  microcracks.  Above about 200 b a r s  v e l o c i t i e s  i n c r e a s e  
more slowly wi th  p re s su re  as most of t h e  s m a l l  a spec t  r a t i o  pores  
have been closed.  V is  g r e a t e r  i n  f u l l y  s a t u r a t e d  rocks than  dry  
rocks as t h e  f l u i d  f i l l e d  pores  makes t h e  rock s t i f f e r  i n  bulk com- 
press ion .  The shea r  wave v e l o c i t y i n  c o n t r a s t  does no t  depend on 
t h e  bulk  modulus, only t h e  shear  modulus,and as t h e  shear  modulus 
of f l u i d  i s  zero,  s a t u r a t i n g  t h e  pores  does no t  i n c r e a s e  t h e  e f -  
f e c t i v e  shea r  modulus of t h e  sample; r a t h e r  i t  i n c r e a s e s  i ts  e f -  
f e c t i v e  d e n s i t y  and lowers t h e  v e l o c i t y .  Thus when both Vp and 
Vs are known w e  may d i s t i n g u i s h  between f u l l y  s a t u r a t e d  and d ry  
o r  p a r t i a l l y  s a t u r a t e d  rocks.  This e f f e c t  is  p a r t i c u l a r l y  ap- 
pa ren t  i n  t h e  v e l o c i t y  r a t i o s ,  o r  Poisson ' s  r a t i o  (Figure 2 ) :  
Dry rocks have lower r a t i o s  than  s a t u r a t e d  rocks,  and f o r  t h e  sat- 
u ra t ed  samples t h e  r a t i o  depends on t h e  type  of f l u i d  p re sen t .  
Because steam has  a much lower bulk  modulus than  w a t e r  a steam 
s a t u r a t e d  sample would behave more l i k e  a dry rock ,  even i f  
s m a l l  amounts of water w e r e  p re sen t .  The s a t u r a t i o n  e f f e c t  i s  
p r e s e n t  a t  e l eva ted  p res su res .  

F igures  3 and 4 show i n  more d e t a i l  t h e  dependence of ex- 
t e n s i o n a l  waves, a combination of pure shear  and bulk  compression, 
and shea r  waves on w a t e r  s a t u r a t i o n  Sw. 
t i o n  range v e l o c i t i e s  are i n s e n s i t i v e t o  S,. 
i n c r e a s e  r a p i d l y  wi th  decreas ing  s a t u r a t i o n .  S m a l l  amounts of 
water weaken t h e  rock, poss ib ly  due t o  chemical r e a c t i o n s  of t h e  
w a t e r  wi th  g r a i n  boundaries.  There i s  a s m a l l  nega t ive  s l o p e  
over t h e  in t e rmed ia t e  s a t u r a t i o n  range due t o  t h e  increased  e f -  
fect ive dens i ty  as the p o r e s  f i l l  w i t h  f l u i d s .  A t  S, of 95% 
t h e  ex tens iona l  v e l o c i t i e s  i nc rease  r a p i d l y  as t h e  pores  are be- 
coming completely f i l l e d  wi th  w a t e r  which s t i f f e n s  t h e  rock i n  
bulk  compression. There i s  no e f f e c t  on shea r ,  which aga in  shows 
how Vp/Vs may be d i a g n o s t i c  of t h e  change from f u l l y  t o  p a r t i a l l y  
s a t u r a t e d  rocks.  F igure  4 shows t h a t  a t t e n u a t i o n  i s  much more 
s e n s i t i v e  t o  t h e  degree of s a t u r a t i o n  than  v e l o c i t i e s .  A t  low 
s a t u r a t i o n s  a t t e n u a t i o n  i s  very  low. Adding s m a l l  amounts of 
water t o  completely dry  rock i n c r e a s e s  a t t e n u a t i o n  d r a s t i c a l l y ,  
t o  a peak a t  Sw - 1%. 
roughly cons tan t .  A t  S, = 60% t h e  ex tens iona l  a t t e n u a t i o n  begins  
t o  i n c r e a s e  wi th  f u r t h e r  s a t u r a t i o n  due t o  t h e  motion of f l u i d  i n  
pores  which d i s s i p a t e  energy from t h e  pass ing  wave. This  occurs  
mostly i n  bulk compression, hence t h e  h ighe r  a t t e n u a t i o n  of ex- 
t e n s i o n a l  waves. I n  a f u l l y  s a t u r a t e d  rock p res su re  induced flow 
w i t h i n  pores  ceases, whereas shea r  induced flow between i n t e r -  
connected pores  i s  maximized. A t  Sw % 85% t h e  ex tens iona l  at-  
t enua t ion  begins  t o  decrease  and shea r  a t t e n u z t i o n  inc reases  and 
they  c r o s s  over a t  about 98% s a t u r a t i o n .  

A s  an example t h e  dependence of compressional (V ) and shea r  P 

P 

Over most of t h e  s a t u r a -  
A t  Sw < 1% v e l o c i t i e s  

A t  Sw from 2% t o  about 50% a t t e n u a t i o n  is 
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WAVE ATTENUATION 

Figures 5 and 6 show the dependence of compressional and shear 
wave attenuation on pressure and saturation in Massilon sandstone. 
Increasing pressure closes pores and decreases attenuation. Again 
attenuation is very low in dry rocks whereas in partially saturated 
rocks (Sw =: 95%) attenuation is significant probably due to intra- 
crack fluid flow, with P attenuation about twice as large as S. 
In fully saturated rock, intercrack flow is eliminated, Qpl is 
sharply lowered and again shear attenuation due to intercrack fluid 
flow is maximized. Figure 7 illustrates schematically how the 
change from partial to full saturation changes the types of pore 
fluid flow induced by passing strain waves which may occur within 
rocks and hence changes the relative amounts of attenuation in 
compression and shear. 

In fully saturated rocks first order intercrack flow may 
occur only in shear, not in compression. Since the P wave is 
strongly affected by bulk compression it is less attenuated than 
an S wave. In partially saturated rock flow will occur within 
all pores, induced by bulk compression; whereas shear induces flow 
only in properly oriented pores. Consequently S attenuation is 
less than P. In rocks containing no liquid phase, no flow occurs 
and attenuation is low for all waves. Hence, the ratio of P to 
S attenuation may allow us to distinguish between a partially 
saturated and dry or fully satruated rocks. 

solely from seismic data as illustrated in Figure 8, showing P 
and S attenuation ratios vs. P to S velocity ratios for sandstone 
and granite. Data for rocks separate readily into 3 fields de- 
pending on saturation: Fully saturated rocks are distinguished 
from dry and partially saturated rocks due to their higher Vp/Vs. 
Partially saturated rocks have higher P 

is temperature. Figure 9 shows extensional and shear velocities 
in a room dry Berea sandstone. Velocities increase rapidly with 
temperature intially due to drying. 
turing becomes dominant causing the velocities to decrease rapidly 
at higher temperatures. After cooling, the sample's velocities 
were lower than the initial values due to the permanent thermal 
fracturing. Also Q first increases with temperature again due to 
drying (Figure lo), with a peak again at about 160"C, and with 
marked decrease at higher temperature due to thermal fracturing. 
The Qs/Qe ratio increases with temperature. 

These results suggest that we may estimate parital saturation 

attenuation/S attenuation. 
Another parameter of great ineterst in geothermal applications 

At about 160°C thermal frac- 

TWO PHASE SATURATION 

Figures 11 and 12 show velocity and attenuation data at ele- 
vated temperatures and two phase saturation in Berea sandstone, 
Massilon sandstone, and a thermally fractured Westerly granite 
all taken at 150°C and 100 bars confining pressure. The velocities 
were measured as the pore pressure was varied to transform water 
to steam and back. V is lower in a steam saturated rock than in 
water saturared rock Zue to the lower bulk modulus of steam. In 
shear the behavior is more complicated. For the Berea sandstone 
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Vs is greater in steam saturated rock than water saturated rock 
due to the density effect. In granite Vs is lower in steam sat- 
urated rock than water saturated rock, caused by the stiffening 
of cracks with water at the high frequences used in this experi- 
ment (1MHz). At the phase transition V goes through a minimum: 
A small amount of steam lowers the bulk modulus and sufficient 
water is present to raise the effective density and further 
lower the velocities. 

Amplitudes plotted in Figure 12 provides a relative measure 
of attenuation. In both shear and compression, attenuation is 
much lower in steam saturated rock than water saturated rock. A 
maximum occurs in P attenuation but not in S attenuation at the 
phase transition where the rock is partially saturated. This is 
due again to intercrack flow of water which occurs mainly in bulk 
compression. 

The examples show how velocity and attenuation may be dia- 
gnostic of whether a geothermal system contains water, steam or 
both. An example of field data (from McEvilly, et al., 1978)  
which may be interpreted on the basis of our experimental work is 
shown in Figure 13 .  Several seismic records are shown from a dis- 
tant earthquake recorded over the La Primavera geothermal system 
in Mexico. Stations on the bottom were located outside the Caldera 
and show typical well developed P and S arrivals. Stations on top 
were located inside the caldera and they show marked changes ob- 
vious even on this unprocessed data. This is particularly evident 
on the third trace down. P waves are severely attenuated relative 
to S waves as can be seen fromd-te smaller amplitudes and the de- 
pletion of high frequencies. 
discussed experimental work, high P attenuation relative to S at- 
tenuation is diagnostic of a partially saturated rock. This may 
be confirmed in the field in this case as this station is located 
immediately adjacent to a steam vent, indicating a mixture of 
water and steam are present at depth. 

P 

A s  demonstrated from previously 
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RESERVOIR EXPLORATION/TESTING BY 
ELASTOMECHANICAL METHODS 

Gunnar Bodvarsson, School of Oceanography, 
Oregon State University, Corvallis, OR 

Introduction 

The recovery of geothermal energy for power generation in- 
variably involves the withdrawal of very substantial amounts of 
heat/water from the subsurface. For example, the commercial 
operation of a 100 MW power plant in a liquid dominated reservoir 
situation will require the recovery of about 5x10l6J/yr of heat 
and a mass flow of water of about 5x1010kg/yr. 
spicuous phenomena are associated with this rate of production. 
Usually there are changes in the subsurface temperature, a 
significant rate of lowering of the local reservoir fluid pres- 
sure and an associated lowering of the ground water surface in 
the production region. Moreover, there are more subtle effects 
such as subsidence, strain and tilt of the ground surface, changes 
in the local gravity field and changes in the subsurface electrical 
conductivity. All these phenomena represent responses of the 
reservoir to production and convey information on the evolution 
of the system. The recording of these signals can therefore be 
helpful in reservoir monitoring during production. Obviously, 
the evolutionary pressure phenomena are known to everyone engaged 
in reservoir engineering and the recording of reservoir pressure 
in available boreholes and of the groundwater level are standard 
tools in production monitoring. Although ground subsidence and 
changes in the gravity field have been recorded in a few cases, 
the elastomechanical phenomena have not received much attention. 

A number of con- 

The purpose of this brief note is to present a preliminary 
evaluation of the potential of the elastomechanical methods in 
practical reservoir engineering and related areas. Assuming 
simple relevant situations, the strength of the field signals 
will be estimated and compared to other ground surface data such 
as gravity and D.C. electrical signals that. are also of interest 
in reservoir monitoring. Because of greater difficulty in ob- 
serving surface strain, we will limit our discussion to vertical 
ground displacement and tilt signals. 

Basic Relations 

For the sake of brevity we will consider only liquid domina- 
ted reservoirs embedded in porous/permeable half-spaces that are 
ultrasimple in the sense that the formation can be taken to res- 
pond in bulk as a homogeneous and isotropic Hookean solid. 
Because of the two-phase situation, all elastic parameters are 
composite and will consequently have to be defined properly. 
Moreover, Hooke's law must be generalized to include the effects 
of the pore or fracture fluid (see for example, Nur and Byerlee, 
1971). 
of.interest, we will circumvent a more detailed discussion of 
these aspects by assuming that the saturated formation has 

In the present note, where only orders of magnitude are 
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empirically well defined effective elastic parameters. Armed with 
this set of quite strong but useful assumptions, we are now in the 
position of considering the effects listed in the introduction 
above. 

Let the (x,y) plane of our coordinate system be placed in the 
surface C of the half-space with the z-axis vertically down. The 
general field point is P = (x,y,z). We assume that the reser- 
voir is in equilibrium at the onset of production at time t = 0. 
Having at a later time produced a certain mass of fluid, we can 
assume that the subsurface temperature field has been perturbed 
by an amount T ( P )  and the subsurface fluid pressure field by p(P). 
Clearly, since the fluid pressure vanishes in the drained forma- 
tion there is a discontinuity in the pressure field at the ground- 
water level. 

Let the formation displacement vector resulting from both 
perturbations be z(P) = (u,v,w)(P). Moreover, let X and 1-1 be the 
effective Lam& parameters,k the effective bulk modulus, v the 
Poisson ratio and a the effective thermal expansivity of the fluid/ 
rock systems. Since the half-space is assumed to be Hookean, the 
elastomechanical equations for the displacement are 

-+ - + +  
~ I I u  - (h+p)VV*u = b, 

-+ 
where II = - V 2  is the Laplacian operator and b is the body force 
density field resulting from the temperature and pressure pertur- 
bations. The boundary condition at&he ground surface C is that 
of no stress. In the present case, b is a sum of two terms, one 
of thermoelastic origin associated with the perturbation tempera- 
ture field T and a second one that results from the perturbation 
p of the pore pressure. Because of the discontinuity at the 
groundwater surface, it is convenient to split the second contri- 
bution into two parts, one associated with the perturbation 
pressure field in the wet formation and the other one resulting 
from the draining of the formations by the subsidence of the 
groundwater level. We have thus 

where 
( 2 )  

f = f  + f  + f  (3 )  

-+ 
b = -Vf, 

T P  g 
where the f's are scalars and the subscript T refers to temperature, 
p to fluid pressure, and g to groundwater level. 

On the basis of the theory of thermoelasticity (Boley and 
Weiner, 1960) we obtain the first factor 

f = akT ( 4 )  T 

There is some uncertainty as to the proper form of fp. 
tor depends quite heavily on pore/fracture geometry and connec- 
tivity. For the present purpose we will adapt the classical 
procedure of Biot (1941) by assuming 

This fac- 
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f = op ( 5 )  P 

where 0 i s  a p o s i t i v e  d imenionless  f a c t o r  q u a n t i z i n g  t h e  e f f e c t s  
of t h e  p o r e  p r e s s u r e  p on t h e  r o c k  matrix.  C l e a r l y ,  t h i s  f a c t o r  
i s  less t h a n  u n i t y ,  b u t  a c t u a l  v a l u e s  may v a r y  w i t h i n  r a t h e r  wide 
l i m i t s .  Few e x p e r i m e n t a l  r e s u l t s  are a v a i l a b l e .  We can o n l y  
q u o t e  e l a s t o m e c h a n i c a l  d a t a  c o l l e c t e d  by R i c e  and Cleary  (1976)  
from which v a l u e s  of 8 = 0.2 t o  0.8 can  b e  i n f e r r e d .  The lower 
v a l u e s  a p p l y  t o  samples of marble  and g r a n i t e s  whereas  t h e  h i g h e r  
v a l u e s  are o b t a i n e d  f o r  s a n d s t o n e s .  Along t h e  s a m e  l i n e s  t h e  
t h i r d  f a c t o r  on  t h e  r i g h t  of (3) can  a l s o  b e  e s t i m a t e d  on t h e  
b a s i s  of (5) where p i s  t h e n  t h e  n e g a t i v e  h y d r o s t a t i c  p o r e  p r e s s u r e  
i n  t h e  d r a i n e d  r o c k  above t h e  groundwater level .  
T(P) ,  t h e  problem of s o l v i n g  (1) f o r  t h e  d isp lacement  v e c t o r  u(P)  
i s  now w e l l  d e f i n e d .  

Given p(P)  5nd 

A s i m p l e  procedure  of  s o l v i n g  (1) a t  t h e  above d e f i n e d  con- 
d i t i o n s  h a s  been p r e s e n t e d  by Bodvarsson (1976).  W e  w i l l  r e f r a i n  
from d i s c u s s i n g  d e t a i l s  of t h e  method and q u o t e  o n l y  t h e  r e s u l t  
of main i n t e r e s t ,  t h a t  i s ,  t h e  e x p r e s s i o n  f o r  t h e  ver t ica l  d i s -  
placement  component w a t  t h e  ground s u r f a c e  1. L e t  S = ( x , y , o )  
b e  a f i e l d  p o i n t  on C and Q = ( x ' , y ' , z ' )  b e  t h e  s o u r c e  p o i n t ;  
t h e n  

W ( s )  = /gw(S,Q)f(Q)dVQ (6)  

where dvQ = dx 'dy 'dz '  and gw(S,P) i s  t h e  a p p r o p r i a t e  Green ' s  
f u n c t i o n  

(7)  

( 8 )  

3 
gw(S,Q) = [ ( l - ~ > / n ( X + 2 u ) l z ' / r s Q  , 

2 2 2 
= (x-x')  + (y-y')  + ( z ' )  2 where 

+ 
rSQ 

i s  t h e  d i s t a y e  from Q t o  S .  
from (6)  by t = -Vhw where Vh = ( 2 x , a x , o ) ,  t h e  h o r i z o n t a l  g r a d i -  
e n t  i n  1. T h i s  v e c t o r  can t h u s  b e  expressed  i n  t h e  same form as 

The t i l t  v e c t o r  t ( S )  i s  o b t a i n e d  

-+ 
where h = -Vhg. 

Simple S i t u a t i o n s  

To p r e s e n t  a n  overview of r e l e v a n t  f i e l d  a m p l i t u d e s ,  w e  w i l l  
c o n s i d e r  ground s u r f a c e  d i s p l a c e m e n t  and t i l t  f i e l d s  g e n e r a t e d  
by t e m p e r a t u r e  o r  p r e s s u r e  p e r t u r b a t i o n s  w i t h i n  bounded compact 
s o u r c e  r e g i o n s .  Moreover, l e t  t h e  a v e r a g e  d e p t h  of t h e  s o u r c e  
r e g i o n  b e  r a t h e r  l a r g e r  t h a n  i t s  g r e a t e s t  l i n e a r  dimension.  
v i o u s l y ,  t h i s  s i t u a t i o n  i s  b e s t  p o r t r a y e d  by a s p h e r i c a l l y  
symmetric s o u r c e  r e g i o n  of r a d i u s  R p l a c e d  such  t h a t  t h e  d e p t h  
d of t h e  c e n t e r  is  a few times l a r g e r  t h a n  R. I n  t h e  case of t h e  
f i r s t  two f a c t o r s  i n  ( 3 )  t h e  i n t e g r a l s  i n  (6) and (9)  can  t h e n  
b e  q u i t e  w e l l  approximated by s i m p l e  e x p r e s s i o n s .  With r e g a r d  
t o  t h e  ground s u r f a c e  d isp lacement  w e  are most i n t e r e s t e d  i n  t h e  
maximum v a l u e  wm t h a t  i s  o b t a i n e d  a t  t h e  p o i n t  0 v e r t i c a l l y  above 

Ob- 
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the center of the region. 
that applies quite well to common rock, and taking that z’=rOQ”d, 
we obtain on the basis of (6) and (7) that 

Assuming the Poisson relation X = 1.1 

(10) w = (15/36r)AV/d2 = 0.13AV/d 2 m 

where 
AV = ( l / k )  /fdVQ 

is the total volume increment. In the particular case that f is 
homogeneous over a spherical region of radius R equation (10) 
leads to 

( 1 2 )  
3 2  wm = (5f/9k)R /d 

A little algebra reveals that the maximum ground surface tilt 
is obtained at a distance (d/2) from the center 0 and amounts to 

(13) 
3 t = O.llAV/d m 

or in the spherical case 

(14) 
3 3  t = (0.48f/k)R /d m 

A s  already emphasized these expressions hold for the tem- 

Since the third factor fg results from the low- 
perature snd pressure perturbations involving fT and fp in 
equation (3). 
ering of the groundwater level the source region for this effect 
is quite different from the compact region assumed above in the 
case of fT and fp. In fact, fg is generated by an unloading of 
the half-space because of the drainage of the formations above 
the groundwater level. This results in two effects. First, a 
contraction of the drained formation as indicated directly by 
equations (3) and (5). Second, the unloading results in an 
upward displacement of the ground surface due to elastic rebound 
of the entire half-space. The second effect can be estimated on 
the basis of the Bussinesq formula for the surface loaded half- 
space (Love, 1927). Although analytical expressions are available 
for the form of the drained volume (Bodvarsson, 1977), we will 
here assume that to the first approximation, the form is that of 
a disk of thickness h and a diameter D. Using (3), (5) and the 
Bussingesq formula in combination with Poisson’s relations we ob- 
tain then upon some algebra the maximum vertical ground surface 
displacement that occurs at the center of the disk 

where @ is the porosity, g the accelation of gravity and p the 
density of the fluid. It is important to emphasize again that 
this result is based on the assumption of a compact homogeneous/ 
isotropic half-space. The seccnd term in (15) will dominate under 
such circumstances. However, the presence of unconsolidated non- 
Hookean surface layers would invalidate the first term in (15) and 
generally lead to very much greater displacements as observed in 
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some areas ( s e e  f o r  example Hat ton ,  1970).  

An estimate of t h e  maximum ground s u r f a c e  t i l t  a s s o c i a t e d  w i t h  
t h e  second term i n  (15) is  g iven  by 

Gravity.  and D.C .  Conduction Changes 

Assuming t h e  same s i t u a t i o n  as above, t h e  lowering of t h e  
groundwater l e v e l  l e a d s  t o  a reduced g - f i e ld  a t  t h e  c e n t e r  of t h e  
d i s k  of 

Ag = - 2 ~ y $ p h  (17) 

-11 where y = 6 . 6 7 ~ 1 0  S I  is  t h e  g r a v i t a t i o n  cons t an t .  

Re fe r r ing  a g a i n  t o  a temperature  p e r t u r b a t i o n  T(P)  w i t h i n  
a compact source  r eg ion ,  w e  can assume t h a t  t h e  e lec t r ica l  
conduc t iv i ty  w i t h i n  t h e  r eg ion  i s  increased  by a l ( P )  over  t h e  
homogeneous ha l f - space  t h a t  has  an  uniform conduc t iv i ty  00 .  More- 
over ,  l e t  t h e r e  be  a n  impressed h o r i z o n t a l  u n i d i r e c t i o n a l ,  uniform 
e lec t r ica l  f i e l d  Eo t h a t  i s  s c a t t e r e d  by t h e  conduc t iv i ty  
inhomogeneity. I n  the  p a r t i c u l a r  case t h a t  t h e  source  
r e g i o n  i s  homogeneous s p h e r i c a l  of r a d i u s  R w i t h  t h e  c e n t e r  a t  a 
depth  d ,  t h e  h o r i z o n t a l  e l e c t r i c a l  f i e l d  a t  t h e  ground s u r f a c e  
r i g h t  above t h e  c e n t e r  is  g iven  approximately by (Grant and West, 
1965) 

where 
E = Eo(l-a) (18) 

(19) 
3 3  a = [2al/(ul+3ao)]R /d 

Discuss ion  

Continued product ion  of t h e  magnitude r e f e r r e d  t o  i n  t h e  
i n t r o d u c t i o n  may l ead  t o  average  r e s e r v o i r  source  r eg ion  pres-  
s u r e  d e c l i n e s  of t h e  o r d e r  a few 105Pa. The groundwater l e v e l  
may be , lowered  by a few t e n s  of meters and t h e r e  may be  a t e m -  
p e r a t u r e  d e c l i n e  of t h e  o r d e r  of a few t e n s  of c e n t i g r a d e s .  
Focusing our a t t e n t i o n  on t h e  p a r t i c u l a r  case of T = 5OoC, p = 
5x105Pa and assuming k = 2x1010Pa and 8 = 0.4, w e  f i n d  t h a t  
f T  = 100fp. C l e a r l y ,  t h e  the rmoe las t i c  e f f e c t s  tend t o  dominate 
t h e  p r e s s u r e  e f f e c t s  and thereby a l s o  t h e  e f f e c t s  of t h e  lowered 
groundwater l e v e l .  Moreover, i n  conjunct ion  w i t h  T = 50°C l e t  
a = ~ X ~ O - ~ / " C ,  R = 300 m and d = lo3,. Equation ( l o )  and (13) 
g i v e  then  t h e  v a l u e s  wm = 15  rnm and t m  = 1 2  prad.  Re fe r r ing  t o  
t h e  same s i t u a t i o n ,  l e t  01 = -0.20, and equat ion  (19) g i v e s  
a = -0.004. 
from (17)  Ag = m / s 2  = 0 . 1  mgal. 

Assuming $ = 0.05, h = 50 m ,  p = 103kg/m3, w e  o b t a i n  

V e r t i c a l  ground displacement  can be  monitored w i t h  a p r e c i -  
s i o n  of about  one mm, s u r f a c e  t i l t  wi th  a few 10-I prad,  g r a v i t y  
w i t h  about  10 pga l  and D.C .  conduct ion i n  producing geothermal ar- 
eas w i t h  no b e t t e r  p r e c i s i o n  than perhaps one p a r t  i n  100. 
t h e  above numerical  d a t a  are g r o s s l y  inadequate ,  t h e  r e s u l t s ,  

Although 
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nevertheless, tend to indicate that in the absence of adequate bore- 
hole data, tilt observations at properly designed solid rock surface 
stations evidently offer the most appropriate method of monitoring 
large scale reservoir temperature evolutionary processes taking place 
at moderate depths. 
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INTRODUCTION 

Radon t r a n s e c t  a n a l y s i s  i n v o l v e s  shor t - te rm 
a geothermal  r e s e r v o i r  t o  examine s t r u c t u r a l  and 
of t h e  r e s e r v o i r .  I n  t h e s e  s t u d i e s ,  two n a t u r a l  

sampling of w e l l s  a c r o s s  
thermodynamic p r o p e r  t i e s  
gaseous  components of t h e  

produced g e o f l u i d s  are  measured: (1) t h e  r a d i o a c t i v e  i s o t o p e ,  radon-222 
which decays  upon release from t h e  h o s t  r o c k  w i t h  a h a l f - l i f e  of 3 . 8 3  days ;  
and (2)  t h e  n o n - r a d i o a c t i v e  compound ammonia, which a p p e a r s  t o  b e  produced 
c o n t i n u o u s l y  i n  geothermal  f l u i d s .  The i n f o r m a t i o n  sought  i n  t h e s e  s t u d i e s  
i n c l u d e  d a t a  on t h e  s p a c i a l  and tempora l  b e h a v i o r  of t h e  g e o f l u i d s  i n  
r e l a t i o n  t o  t h e  s t r u c t u r a l  and thermodynamic c o n d i t i o n s  i n  t h e  r e s e r v o i r .  
F a c t o r s  t h a t  can e f f e c t  t h e  re la t ive  composi t ion  of t h e s e  two n a t u r a l  compo- 
n e n t s  i n c l u d e  t h e i r  r e l a t ive  s o l u b i l i t i e s ,  p a r t i t i o n i n g  f u n c t i o n s  under 
c y c l e s  of b r i n e  e v a p o r a t i o n  and c o n d e n s a t i o n ,  r a d i o a c t i v e  decay ( radon o n l y ) ,  
and chemical  r e a c t i o n s  (ammonia o n l y ) .  

The u s e  of radon as  a n  i n t e r n a l  t racer  of  g e o f l u i d  t r a n s p o r t  h a s  been 
w e l l  documented (e .g . ,  S t o k e r  and Kruger ,  1975; D'Amore and Sabroux, 1976) .  
Kruger ,  S t o k e r ,  and LJmasa (1977) noted  t h e  l a r g e  d i f f e r e n c e  i n  radon 
c o n c e n t r a t i o n  between l i q u i d  and vapor-dominated geothermal  r e s e r v o i r s  as 
w e l l  as s i g n i f i c a n t  v a r i a t i o n s  between n e i g h b o r i n g  w e l l s  i n  one f o r m a t i o n  
and t e m p o r a l l y  w i t h i n  a s i n g l e  w e l l .  Models of t h e  r e l a t i o n s h i p s  between 
radon c o n c e n t r a t i o n  and f l o w r a t e  have been d e s c r i b e d  (e .g . ,  S t o k e r  and 
Kruger ,  1975; D'Amore and Sabroux, 1976; Warren and Kruger ,  1979).  These 
models c o n s i d e r e d  l i n e a r ,  r a d i a l ,  and c o n i c a l  f l o w  geometry w i t h  radon 
release from uni formly  d e p o s i t e d  radium i n  t h e  h o s t  r o c k  f lowing  w i t h  t h e  
b r i n e s  o r  steam through a r e s e r v o i r  of un i form p r o p e r t i e s .  I n  t h e  c o n i c a l  
model of  Warren and Kruger (1979) ,  radon i n  vapor-dominated geothermal  
r e s e r v o i r s  is  assumed t o  b o i l  o u t  w i t h  steam p r o d u c t i o n  a t  a b o i l i n g  f r o n t  
i n  t h e  r e s e r v o i r ,  w i t h  radon decay d u r i n g  t r a n s p o r t  th rough t h e  steam 
r e s e r v o i r  t o  t h e  w e l l  p l u s  a n  accumula t ion  of radon from t h e  r e s e r v o i r  r o c k  
a l o n g  t h e  t r a n s p o r t  p a t h .  Thus t h e  radon c o n c e n t r a t i o n  a t  t h e  wel lhead  is  
dependent  on a number of p a r a m e t e r s  d e s c r i b i n g  t h e  release and t r a n s p o r t  of 
t h e  radon w i t h  t h e  g e o f l u i d s .  

Radon c o n c e n t r a t i o n  i n  geothermal  f l u i d s  under  s t e a d y  f l o w  c o n d i t i o n s  
have been shown by S t o k e r  and Kruger (1975) and D'Amore e t  a1 (1978) t o  
depend on t h e  release p a r a m e t e r s ,  
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where C = mass concentration of radon, nCi/kg rock 
S 

F = emanating power, nCi/kg rock m 

'r 

'f 

3 
= rock density, kg/m 

= fluid density, kg/m 3 

3 3  $I = porosity, m /m 

For constant rock density at the producing pressure, the concentration of 
radon is expected to be inversely proportional to the fluid density. Thus 
the great difference in density of water and steam in pore volumes is 
consistent with the observed difference in radon concentration in liquid and 
steam geothermal fluids. 

Warren and Kruger (1979) reported the results of flowrate transient 
experiments in vapor-dominated reservoirs. The observed transients in 
radon concentration following instant changes in flowrate were described 
by the model of boilout, transport, and radon decay and accumulation 
with respect to the steam phase. It was noted that the assumption of 
constant radon emanation during the flowrate (and pressure) change might 
not be valid. Macias, Semprini, and Kruger (1980) observed significant changes 
in radon emanation with changes in the geothermal fluid and the thermodynamic 
conditions in the reservoir. The method of transect analysis was developed 
to bridge these two types of study. In order to separate the changes due 
to time properties of the release and transport, during which radon is 
undergoing continuous radioactive decay, a non-radioactive component of 
the non-condensible gases is measured simultaneously. Analysis of these 
two components may be helpful in distinguishing between changes in radon 
concentration due to changes due to transport phenomena during production. 
This communication describes the transect analysis conducted at the vapor- 
dominated reservoirs at The Geysers in California and the liquid-dominated 
reservoirs at Cerro Prieto in Baja, California. 

TRANSECT EXPERIMENTS AT THE GEYSERS 

Three radon transect analyses have been completed at The Geysers; two of 
them (I and 11) along a line of wells in the older producing zones, and 
the third (111) in a newer producing area across Big Geyser Creek. Ammonia 
measurements were also made in transects I1 and 111. 

(a) General Observations 

The results of transects I and I1 are shown together in Fig. 1. The 
two experiments show similar profiles in that the radon concentration 
decreases from left to right along the transect, indicating either longer 
transport times in the right part of the field or greater accumulations 
in the left part of the field. Linear regression analysis of radon con- 
centration as a function of flowrate along the transect showed a negative 
correlation of -0.61, indicating radon concentration to be either inversely 
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r e l a t e d  t o  f lowra te  o r  t h a t  radon i s  accumulated by e i t h e r  increased  
emanation o r  enrichment by condensat ion processes .  

The concen t r a t ion  p r o f i l e s  of radon and ammonia f o r  t r a n s e c t  I1 are  
shown i n  Fig.  2, i n  r e l a t i o n  t o  t h e  s t r u c t u r a l  c r o s s  s e c t i o n  of t h e  r e s e r v o i r .  
The concen t r a t ion  g r a d i e n t s  of t h e  two components appear similar,  wi th  a n  
abrupt  change a t  t h e  l o c a t i o n  of t h e  ind ica t ed  f a u l t s .  Although t h e  
radon-ammonia r a t i o  i s  h igh ly  c o r r e l a t e d  along t h e  t r a n s e c t  (with a l i n e a r  
c o r r e l a t i o n  c o e f f i c i e n t  of 0.97), t h e  average r a t i o  i s  s i g n i f i c a n t l y  
d i f f e r e n t  on e i t h e r  s i d e  of t h e  f a u l t s .  The e i g h t  w e l l s  on the  l e f t  have 
a mean r a t i o  of 0.081t0.01 whereas t h e  seven w e l l s  on t h e  r i g h t  have a mean 
r a t i o  of 0.15+0.06. I f  t h e  ammonia concent ra t ion  is  conserva t ive  ac ross  t h e  
t r a n s e c t ,  t h e  d a t a  would i n d i c a t e  t h a t  radon i s  undergoing dep le t ion  i n  t h e  
l e f t  p a r t  of t h e  f i e l d  and enrichment on t h e  r i g h t  p a r t .  Another way t o  
express  t h i s  d i f f e r e n c e  i s  t o  assume t h a t  radon has  a longer  t r a n s p o r t  
p a r t  on t h e  l e f t  o r  t h a t  ammonia undergoes a process  of g r e a t e r  accumulation. 
These two experiments have produced a number of p o s s i b l e  processes  t h a t  
may be o p e r a t i v e  a t  t h i s  f i e l d :  

(1) a phys ica l  o r  chemical process  f o r  a d d i t i o n  o r  dep le t ion  of ammonia 
wi th  a rate cons t an t  s u p r i s i n g l y  s i m i l a r  t o  t h e  3.83 day h a l f - l i f e  of 
radon-222, 

( 2 )  a common source  of bo th  components i n  the  hos t  rock wi th  t h e  con- 
c e n t r a t i o n s  dependent p r i m a r i l y  on emanation and r e s e r v o i r  f l u i d  p r o p e r t i e s ,  

(3) changes i n  t h e  degree of s a t u r a t i o n  of t h e  enrichment of t h e  
non-condensible gases  i n  va r ious  areas of t h e  f i e l d ,  

( 4 )  enrichment processes  such as  condensat ion w i t h i n  t h e  steam zone 
of t h e  r e s e r v o i r  i n  which case both components would be enriched as  
func t ions  of t h e i r  p a r t i t i o n  c o e f f i c i e n t s .  

Although p o s s i b i l i t y  (1) cannot be r u l e d  out  a t  t h e  p re sen t  t i m e ,  no 
phys ica l  o r  chemical process  f o r  ammonia wi th  a r a t e  cons t an t  of approximately 
3.8 days i s  apparent .  Evalua t ion  of p o s s i b i l i t y  (2) awaits f u r t h e r  c la r i -  
f i c a t i o n  of t h e  changes i n  emanation wi th  changes i n  r e s e r v o i r  p r o p e r t i e s  
and a d d i t i o n a l  chemical in format ion  of t h e  hos t  rock. P o s s i b i l i t y  ( 3 )  
r e p r e s e n t s  enrichment processes  such as t h e  Raleigh condensation process  
proposed by D'Amore and Truesde l l  (1980), where gas  components are enriched.  
I n  such processes  t h e  ammonia concen t r a t ion  r e f l e c t s  long-term enrichment 
whi le  t h e  radon concen t r a t ion  r e f l e c t s  s a t u r a t i o n  condi t ions .  I f  t h i s  
p o s s i b i l i t y  predominates,  t h e  d a t a  would i n d i c a t e  t h a t  h igher  radon concen- 
t r a t i o n s  occur where g r e a t e r  amounts of vapor are p r e s e n t ,  sugges t ing  a 
change i n  degree of gaseous s a t u r a t i o n .  I n  t h i s  case, w e l l s  i n  t h e  l e f t  
p a r t  of t h e  t r a n s e c t  are producing from shal lower zones wi th  g r e a t e r  vapor 
conten t .  I n  p o s s i b i l i t y  ( 4 ) ,  condensat ion and vapor i za t ion  cyc le s  would 
concurren t ly  e n r i c h  both  concen t r a t ions ,  bu t  t h e  ammonia concen t r a t ion  
would not  be as t i m e  dependent as t h e  radon concen t r a t ion ,  which would 
r e f l e c t  only t h e  l a t e s t  10-30 days of such processes .  



-347- 

(b) Thermodynamic R e l a t i o n s  

R e s e r v o i r  c o n d i t i o n s  p l a y  a n  i m p o r t a n t  p a r t  i n  wel lhead  c o n c e n t r a t i o n s  
of radon and ammonia. Downhole p r e s s u r e s  i n  t r a n s e c t  I1 and I11 v a r y  o v e r  
a s i g n i f i c a n t  range:  from 100 t o  380 p s i a  f o r  t r a n s e c t  11; and from 190 
t o  310 p s i a  i n  t r a n s e c t  111. Equ. (1) n o t e s  t h e  radon c o n c e n t r a t i o n  t o  b e  
i n v e r s e l y  dependent  on t h e  f l u i d  d e n s i t y .  
made of t h e  radon c o n c e n t r a t i o n  as a f u n c t i o n  of s p e c i f i c  volume of t h e  
r e s e r v o i r  f l u i d  f o r  t h e  r e p o r t e d  downhole p r e s s u r e s .  F i g .  3 shows a 
c o r r e l a t i o n  c o e f f i c i e n t  of 0.78 and a s l o p e  s u g g e s t i n g  a n  i n v e r s e  r e l a t i o n -  
s h i p  between radon c o n c e n t r a t i o n  and f l u i d  d e n s i t y  as g i v e n  by Equ. (1). 
S i m i l a r  r e s u l t s  were o b t a i n e d  f o r  t h e  r e g r e s s i o n  a n a l y s i s  of t h e  ammonia 
c o n c e n t r a t i o n  d a t a ,  i n d i c a t i n g  t h a t  t h e  ammonia is  r e l e a s e d  from t h e  forma- 
t i o n  r o c k  by t h e  same d i f f u s i o n  p r o c e s s e s  r e s p o n s i b l e  f o r  radon release. 

L i n e a r  r e g r e s s i o n  a n a l y s i s  w a s  

The e f f e c t  of changes i n  r e s e r v o i r  p r e s s u r e  on t h e  p a r t i t i o n i n g  of 
t h e  two gaseous  tracers between t h e  b r i n e  and vapor  phases  must be con- 
s i d e r e d .  It is n o t  clear whether  t h e  changes i n  p a r t i t i o n  c o e f f i c i e n t s  of 
radon and ammonia between b r i n e  and steam are s u f f i c i e n t  t o  r e s u l t  i n  t h e  
observed  radon-ammonia r a t i o s .  V a r i a t i o n s  i n  emanation of radon w i t h  changes 
i n  p r e s s u r e  and tempera ture  under  c o n t r o l l e d  model r e s e r v o i r  c o n d i t i o n s  were 
n o t e d  by Macias, Semprini ,  and Kruger (1980). F u r t h e r  e x p e r i m e n t a l  d a t a  on 
t h e i r  emanat ion is  r e q u i r e d  t o  f u r t h e r  e v a l u a t e  t h i s  p r o c e s s .  

TRANSECT EXPERIMENTS AT CERRO PRIETO 

Two t r a n s e c t  a n a l y s e s  have been completed a t  Cerro  P r i e t o  t o  e v a l u a t e  
t h e  t r a n s e c t s  i n  terms of t h e  s t r u c t u r a l  f e a t u r e s  of  t h e  f i e l d  and t h e  
thermodynamic c o n d i t i o n s  i n  a l iquid-dominated r e s e r v o i r .  The s t r u c t u r a l  
f e a t u r e s  have been d e s c r i b e d  by Vonder Haar and Howard (1980). The d a t a  
were grouped i n t o  t h e  f o u r  s u b s e t  t r a n s e c t s  shown i n  Fig.  4 ,  which c r o s s  
some of t h e  g i v e n  f a u l t s  and w e r e  examined f o r  t h e  changes i n  thermodynamic 
c o n d i t i o n s  o v e r  t h e  f i e l d .  A p r e l i m i n a r y  i n d i c a t i o n  t h a t  radon c o n c e n t r a t i o n  
w a s  r e l a t e d  t o  f l u i d  e n t h a l p y  w a s  no ted  by Horne and Kruger (1979) i n  a 
s t u d y  of radon emanat ion a l o n g  t h e  Waiora f a u l t  a t  Wairakei, N e w  Zea land .  

A t o t a l  of 23 w e l l s  were sampled a t  Cerro P r i e t o  d u r i n g  t h e  two t r a n s e c t  
exper iments  and t h e  e n t h a l p y  of t h e  f l u i d s  ranged from 1230 t o  2360 kJ /kg ,  
r e p r e s e n t i n g  a range  i n  produced f l u i d  m i x t u r e s  from a l l  l i q u i d  t o  70% 
vapor  a t  a r e s e r v o i r  tempera ture  of 290OC. The cor responding  wel lhead 
radon c o n c e n t r a t i o n s  ranged from 0.20 nCi/kg i n  t h e  low e n t h a l p y  w e l l s  t o  
3 . 6  nCi/kg i n  t h e  h i g h e s t  e n t h a l p y  w e l l .  

An a n a l y s i s  of t h e  d a t a  w a s  a t tempted  by modifying Equ. (1) t o  
r e p r e s e n t  t h e  c o n t r i b u t i o n s  t o  t h e  c o n c e n t r a t i o n  from t h e  two f l u i d  phases :  

= x- + (1-X) - 
4j pv p1 cT 
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where X is the steam saturation. The enthalpy of the two phase mixture 
is given by 

h = Xh V + (1-X)hl (3) 

A regression analysis of the concentration-enthalpy data, shown 
in Fig. 5, was made to examine the linearity between these two parameters. 
A linear relationship, with correlation coefficient of 0.80, is implied, 
but is highly influenced by the high radon-high enthalp An 
equilibrium volumetric radon concentration of 168 nCi/m 
was estimated for the observed average radon concentration of 0.20 nCi/kg 
for the low enthalpy wells having production of all liquid with density 
of 840 kg/m3. 
that the volumetric concentration was identical for both phases, which is 
probably incorrect according to the observations of Macias, Semprini, and 
Kruger (1980) that emanation changes with pore fluid density. 

of well M-45. 
pore volume 3 

The calculation, however, was made with the assumption 

The dashed lines in Fig. 5 represent reservoir temperatures of 28OoC 
and 32OOC. The regression line of the data represents a reservoir tem- 
perature of 290°C, in good agreement with Na-K-Ca geothermometer estimate 
given by Ghon et a1 (1978). Analysis of the four subset transects shown 
in Fig. 4 shows increased detail in examining the dependence of radon and 
ammonia concentrations on the enthalpy as steam saturation of the produced 
fluids. The correlation between radon concentration and fluid thermo- 
dynamic conditions indicate that radon monitoring may provide information 
on changes in the field. For example, if the relations measured to data 
are reliable, the data indicate a decrease in reservoir temperature in 
the southern area of the field with exploitation while temperatures have 
remained high in the eastern area. The data may also be indicating that 
phase separations are occurring in parts of the field such that equilibrium 
is achieved in both phases. Further measurements of radon should corroborate 
the initial suggestions that wells in the north central area flow primarily 
as liquid with evidence of two-phase conditions in the area of well M-27, 
and that flow is predominantly two-phase in the south-central area near 
wells M-45, M-48, and M-84. 

CONCLUSIONS 

Results to data are confirming the development of radon transect analysis 
to study the structural and thermodynamic features of vapor- and liquid- 
dominated geothermal reservoirs. The three experiments conducted at the 
vapor-dominated fields at The Geysers have raised several interesting ques- 
tions concerning the source and transport of various gaseous components of 
the produced geofluid. Pressure variation appears to play an important 
role in determining the emanation of radon (and ammonia) from the formation 
and the transport of these gases during production may be influenced by the 
thermodynamic changes in the steam transporting them to the wellhead. Changes 
in structural regime in the old area of The Geysers may be observed by 

. these measurements. 
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Measurements at Cerro Prieto are indicative of liquid-dominated 
reservoirs. Here, current measurements do not show that radon concen- 
trations are influenced by structural features. The radon (and ammonia) 
concentration appears to be influenced primarily by the thermodynamic 
state of the one- or two-phase geofluid. The use of radon and ammonia 
as internal tracers to two-phase reservoir during production appears to 
be warranted. 
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and 

A l f r e d  H. T r u e s d e l l  
U.S. G e o l o g i c a l  S u r v e y ,  Menlo P a r k ,  C a l i f o r n i a  

INTRODUCTION 

The c o m p o s i t i o n s  o f  steam from t h e  vapor-dominated  g e o t h e r m a l  s y s t e m s  o f  L a r d e r e l l o ,  I t a l y  and  The 
G e y s e r s ,  C a l i f o r n i a  h a v e  b e e n  shown by p r e v i o u s  i n v e s t i g a t o r s  t o  v a r y  w i t h  p o s i t i o n  i n  t h e  f i e l d  ( C e l a t i  e t  
al., 1 9 7 3 ;  F a n i c h i  e t  a l . ,  1 9 7 4 ;  D’Amore e t  a l . ,  1 9 7 7 ;  T r u e s d e l l  e t  a l . ,  1 9 7 7 ;  T r u e s d e l l  and  N e h r i n g ,  1 9 7 F  
yazor ,  1 9 7 8 ) .  
v a p u r - d o m i n a t e d  g e o t h e r r n a l  a r e a s  a r e  s t r o n g  i n c r e a s e s  or d e c r e a s e s  f rom t h e  c e n t e r  t o  t h e  e d g e s  o f  
c o n s t i t u e n t s  c a r r i e d  i n  t h e  s t e a m .  The p a t t e r n  o f  t h e s e  p a r a m e t e r s  i n  vapor-dominated  s y s t e m s  seem t o  be  
c o n t r o l l e d  m a i n l y  by a p r o c e s s  o f  l a t e r a l  s t e a m  movement and c o n d e n s a t i o n  (D’Amore and T r u e s d e l l ,  1 9 7 9 ;  Calore 
e t  a l . ,  1980).  

- 
The n o s t  c o n s p i c u o u s  chemi-atterns o b s e r v e d  i n t h e L a r d e r e l l o  and The G e y s e r s  

-- 
The C J Q d e n S a t i O n  p r n c e s s ,  a t  c o n s t a r i t  t e m p e r a t u r e  and t o t a l  p r e s s u r e  i n c r e a s e s  t h e  p a r t i a l  p r e s s u r e  of 

Cog a t  t h e  same r a t e  a s  t h e  g a s / s t e s i n  r a t i o ,  s t r o n g l y  a f f e c t i n g  t h e  c o m p o s i t i o n  o f  t h e  t o t a l  g a s  ( i n c l u d i n g  
s t e a m ) .  The c o n d e n s h t i o n  e f f e c t  s h o u l d  i n c r e a s e  c o n t e n t s  o f  C02, A2S, H2 and CH4 i n  t i e  r e s i d u a l  
steam t o  a b o u t  c h e  same d e g r e e  b e c a u s e  t h e i r  s o l u b i l i t i e s  a r e  s i m i l a r .  However, t h e  g e n e r a l  t r e n d  o b s e r v e d  i s  
a l m o s t  c o n s t a n t  r a t i o s  o f  1325, H2, CH4 t o  H z O  a s  t h e  C32/H20 r a t i o  i n c r e a s e s  i n  L a r d e r e l l o  a b o u t  
5-5 t i m e s  f rom t h e  c e n t e r  t o  t h e  e d g e s  a t  c o n s t a n t  t e m p e r a t u r e .  
and  H z S / C O z  r a t i o s  d e c r e a s e  w i t h  i n c r e a s i n g  C02/H20 r a t i o s .  
e x p l a i n  t h i s  b e h a v i o r  i s  r e a c t i o n  o f  t h e s e  t h r e e  g a s e s  w i t h  o t h e r  g a s e s  and w i t h  r e s e r v o i r  m i n e r a l s  so t h a t  
t h e  p a r t i a l  p r e s s u r e s  of t h e s e  g a s e s  a r e  b u f f e r e d  by t e m p e r a t u r e - d e p e n d e n t  r e a c t i o n s  with w a t e r  and rock 
m i n e r a l s .  

T h i s  means t h a t  t h e  ? i 2 ; C 0 2 ,  CH4/CO2, 
A p p a r e n t l y  t h e  o n l y  rnechanism t h a t  c a n  

GEO TH E RYON?E TE R S 

A s y s t e m  of a p p r o p r i a t e  e q u a t i o n s  i n v o l v i n g  H z O ,  C02, H2. CH4, H2S c a n  b e  set  up.  T a b l e  1 shows 
t h e  e q u a t i o n s  and t h e i r  e q u i l i b r i u m  c o n s t a n t s  a s  f u n c t i o n s  o f  t e m p e r a t u r e  i n  d e g r e e s  K e l v i n .  

E q u a t i o n  2 e x p r e s s e s  a p o s s i b l e  d o u b l e  o r i g i n  f o r  CH4, f rom c a r b o n  d i o x i d e  and f rom f r e e  c a r b o n  v i a  
h y d r o g e n  r e d u c t i o n .  F r e e  c a r b o n  a s  c a r b o n a c e o u s  m i n e r a l s  h a s  b e e n  found i n  c u t t i n g s  f r o m  w e l l s  a t  L a r d e r e l l o ,  
C e r r o  T r i e t o ,  an6  e l s e w h e r e .  Hydrogen  p a r t i a l  p r e s s u r e  c a n  b e  c a l c u l a t e d  f rom t h e  d i s s o c i a t i o n  r e a c t i o n  o f  
v a t e r  ( r e a c t i o n  l), by f i x i n g  t e m p e r a t u r e  and  oxygen f u g a c i t y .  

E q u a t i o n s  3 and  4 e x p r e s s  t h e  c o n t r o l  o f  s u l f u r  f u g a c i t y  by m a g n e t i t e ,  p y r i t e  and oxygen f u g a c i t y  and  t h e  
c o n t r o l  o f  H ~ S  p a r t i a l  p r e s s u r e  b y  s u l f u r  f u g a c i t y  and h y d r o g e n  p a r t i a l  p r e s s u r e .  
e q u i l i b r i u m  e q u a t i o n s  a r e  e s p r e s s e G  i n  f u g a c i t i e s  b u t  a t  t h e  r e l a t i v e l y  l o v  p r e s s u r e s  o f  g e o t h e r m a l  s y s t e m s  
c’oese a r e  e q u i v a l e n t  t o  p a r t i a l  p r e s s u r e s .  The term f u g a c i t y  i s  r e t a i n e d  h e r e  o n l y  f o r  oxygen and sulfur 
which  a c e  n o t  m e a s u r e a i l e  i n  t h e  w e l l  d i s c h a r g e s  b u t  i m p o r t a n t  i n  e x p r e s s i n g  r e s e r v o i r  c o n d i t i o n s .  

I n  g e n e r a l ,  g a s  

E q u a t i o n  5 e x p r e s s e s  t h e  p a r t i a l  p r e s s u r e s  o f  oxygen  d e t e r m i n e d  by t w o  e x t r e m e  oxygen b u f f e r  s y s t e m s :  

CaCQ3-CaS04-Fe304-FeS2-COz 

C-( FeS) -FeS~-Fe304-C02 

a n d  e q u a t i o n  6 t h e  f u g a c i t y  o f  s a t u r a t e d  steam. 
?;1CO2/Kgw a s  i n  e q u a t i o n  7. 

Assuming i a e a l  gas b e h a v i o r ,  PcO2 i s  a f u n c t i o n  of 

pco2 = P H ~ O  ( N 1 C 0 2  /Kgw)/ (55 .51  x 22.4) 

w h e r e  (N1C02/Kgw) i s  t h e  g a s / s t e a m  r a t i o  as  l i t e r s  o f  C02 at s t a n d a r d  c o n d i t i o n s  (STP) p e r  k g  of 
steam. 

( 7 )  

From e q u a t i o n s  1 t o  7 t h e  f o l l o w i n g  e q u a t i o n s  h a v e  b e e n  o b t a i n e d ,  r e l a t i n g  t h e  g a s  c o n p o s i t i o n  t o  t e m p e r a t u r e  
( O K )  and g a s f s t e a m  r a t io .  

l o g  ( P H ~ / P c ~ ~ )  = 4 - 3 4  - 2396/T - IOg (NICg2/Kgw) 

log  (PCH4/PC02) = 16.87  - 4318IT - 3.56 l o g  T - 112 l o g  (N1CO2/Kgw) 

IOg ( P H ~ S / P C O ~ )  = 1-71 ,  - 3024/T - 0 . 7 9  log T - i o g  (N1,-o2/KgW) 

log (Pf12/Pco2) = 5.52 - 3406/T - 1 1 2  log (N1co2/Kgw) 

log ( P ~ ~ s / ’ P c o ~ )  -i 8.92 - 4033.5/T - 0.79 log  T - 1 1 2  l o g  (N1Co2/KgW) 

E q u a t i o n s  11 and 1 2  m u s t  b e  c o n s i d e r e d  s e m i - e m p i r i c a l ,  b e c a u s e  t h e  Y 2 / C O %  and  Y2s/C02 p a r a m e t e r s  a r e  
a r b i t r a r i l y  t a k e n  a s  f u n c t i o n  of (P,-02)1/2 i n s t e a d  of PcO2 e q u a t i o n s  8 and 10. 
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The g e o t h e r m o m e t e r s  h a v e  b e e n  t e s t e d  o n  d a t a ,  r e p o r t e d  i n  t a b l e  2 ,  f rom t h e  I t a l i a n  f i e l d s  o f  T , a r d e r e l l o ,  
T r a v a l e ,  B a g n o r e ,  P i a n c a s t a g n a i o  and f rom The G e y s e r s ,  U.S.A. F o r  t h e  c e n t r a l  L a r d e r e l l o  ( " c l a s s i c " )  area,  7 0  
s a m p l e s  h a v e  b e e n  r a n k e d  f o r  i n c r e a s i n g  g a s / s t e a m  r a t i o .  T a b l e  3 shows t h e  t e m p e r a t u r e s  computed  f rom 
e q u a t i o n s  8, 11, 9 ,  1 0  and 1 2 .  E q u a t i o n  8 c a n  b e  u s e d  s a t i s f a c t o r i l y  f o r  t h e  I t a l i a n  g e o t h e r m a l  f i e l d s ,  
e x c e p t  where  t h e  g a s / s t e a m  r a t i o s  a r e  v e r y  h i g h  (more t h a n  50 l i t e r s  o f  g a s  p e r  k s  o f  s t e a m ) .  E q u a t i o n  9 
f a i l s  f o r  CH4/C02 r a t i o s  o f  more t h a n  0.05. I n  t h e  L a r d e r e l l o  and T r a v a l e  f i e l d s  o n l y ,  r e l i a b l e  r e s u l t s  
c a n  be  o b t a i n e d  c o m p u t i n g  t h e  a v e r a g e  o f  t h e  t h r e e  t e m p e r a t u r e s  c a l c u l a t e d  €ro>n e q u a t i o n s  8 ,  9 and 10. The 
most  r e l i a b l e  r e s u l t s ,  however ,  a r e  p r o v i d e d  by e q u a t i o n s  10 and 12. E q u a t i o n  1 2  i n d i c a t e s  r e a s o n a b l e  
t e m p e r a t u r e s  f o r  a l l  t h e s e  vapor-dominated  g e o t h e r m a l  f i e l d s .  

I n  f i g u r e  1, e a u a t i o n  1 2  i s  p l o t t e d  a t  s e l e c t e d  t e m p e r a t u r e s  a long  w i t h  t h e  a n a l y t i c a l  d a t a  for 
L a r d e r e l l o ,  The G e y s e r s  and T r a v a l e  f i e l d s  which e x h i b i t  a wide  r a n g e  o f  g a s / s t e a m  r a t i o s .  An a t t e m p t  h a s  
b e e n  made t o  a p p l y  e q u a t i o n  1 2  t o  all o f  L a r d e r e l l o  g e o t h e r m a l  f i e l d .  F i g u r e  2 s h o w s  & b e  computed  i s o t h e r m s  
a t  250 ,  225 ,  and 20OoC. The f u l l  c i r c l e s  i n d i c a t e  t e m p e r a t u r e s  o f  more t h a n  250012. The o n l y  w e l l s  shown 
a r e  t h o s e  f o r  which r e c e n t  (1978-1980)  d a t a  are a v a i l a b l e .  

RESERVOIR TEMPERATURE EVOLUTION OF SINGLE WELLS 

Well-head t e m p e r a t u r e s  o f  s i n g l e  w e l l s  c h a n g e  w i t h  t i m e  b u t  t h e s e  t e m p e r a t u r e s  a r e  a complex  f u n c t i o n  o f  
f l o w  r a t e  and d o  n o t  d i r e c t l y  i n d i c a t e  c h a n g e s  i n  r e s e r v o i r  t e m p e r a t u r e s .  The g a s  g e o t h e r m o m e t e r s  h a v e  b e e n  
a p p l i e d  t o  s t e a m  s a m p l e s  f rom wel l s  FBN and ALR i n  o r d e r  t o  d e f i n e  c h a n g e s  i n  b o t h  w e l l  and  r e s e r v o i r  
t e m p e r a t u r e s .  Both  t h e s e  w e l l s  a r e  s i t u a t e d  i n  t h e  c e n t r a l  p a r t  o f  t h e  L a r d e r e l l o  c l a s s i c  a r e a  and h a v e  
p r o d u c e d  s t e a m  f o r  a b o u t  4 0  y e a r s .  Gas /s tearn  r a t i o  and d r y  g a s  c o m p o s i t i o n  e v o l v e  w i t h  t i m e .  A s  a n  example ,  
t h e  e v o l u t i o n  o f  s t e a m  H2S c o n t e n t s  i n  d r y  g a s  f o r  w e l l  ALR and o f  g a s / s t e a m  r a t i o s  f o r  t h r e e  w e l l s  i n  
L a r d e r e l l o  i s  shown i n  f i g u r e s  3 and 4. 

I n  f i g u r e s  5 and 6 t h e  w e l l - h e a d  t e m p e r a t u r e ,  w e l l - b o t t o m  t e m p e r a t u r e  computed by t h e  m e t h o d s  d e s c r i b e d  by 
Nathenson  (19?5), and t h e  a v e r a g e  t e m p e r a t u r e  computed u s i n g  H2S,  112, CH4 g e o t h e r n o m ? t e r s  ( e q u a t i o n s  8, 
9 ,  and 10) a r e  p l o t t e d  a s  f u n c t i o n  of t i m e .  The a g r e e m e n t  o f  geothermometer  t e m p e r a t u r e s  w i t h  computed 
w e l l - b o t t o m  t e m p e r a t u r e s  i s  v e r y  good.  The i n c r e a s e  o f  t e m p e r a t u r e  i n  t h e  f i r s t  25 y e a r s  c o u l d  be  r e l a t e d  t o  
a c h a n g e  i n  t h e  s o u r c e  o f  s t e a m  f rom w e t t e r  t o  d r i e r  p a r t s  o f  t h e  r e s e r v o i r .  D u r i n g  p r o d u c t i o n ,  d e c r e a s e  o f  
p r e s s u r e  c a u s e s  t h e  f l a s h i n g  o f  t h e  l i q u i d  w a t e r  t o  s t e a m  and a d e c r e a s e  o f  t e m p e r a t u r e  ( T r u e s d e l l  and W h i t e ,  
1973) .  

A c o m p l e t e l y  d r y  s y s t e m  w i l l  h a v e  t h e  same t e m p e r a t u r e  w i t h  e x p l o i t a t i o n  and a c o n s t a n t  d e c a y  o f  f l o w  
r a t e .  The d e c r e a s e  o f  steam f l o w  r a t e  w i t h  t i m e  o b s e r v e d  a t  L a r d e r e l l o  i s  g e n e r a l l y  e x p o n e n t i a l  and o n l y  a 
c o n s i d e r a b l e  amount o f  l i q u i d  w a t e r  a t  s t a r t i n g  p r o d u c t i o n  c a n  e x p l a i n  t h i s  s t r o c g  d e c r e a s e  i n  f low r a t e  
d u r i n g  t h e  f i r s t  y e a r s  of  e x p 1 o i : a t i o n .  If t h e  g a s e s  r e t a i n  a memory of t h e  o r i g i n a l  r e s e r v o i r  t e m p e r a t u r e  
and a r e  n o t  g r e a t l y  i n f l u e n c e d  by t h e  r a p i d  d e c r e a s e  o f  t e m p e r a t u r e  c a u s e d  by f l a s h i n g ,  t h e  d i f f e r e n c z  b e t w e e n  
t h e  w e l l - b o t t o m  t e m p e r a t u r e  and t h a t  i n d i c a t e d  by g a s  g e o t h e r m o m e t e r s  s h o u l d  be  r e l a t e d  t o  t h e  r a t i o  o f  l i q u i d  
w a t e r  t o  r o c k  i n  t h e  p r o d u c i n g  r e s e r v o i r .  A s  shown i n  D'Amore e t  a l .  (1978)  f rom a n  a p p l i c a t i o n  o f  R c Z z 2  as 
t r a c e r ,  t h e  t r a n s i t  t i m e  of s t e a m  i n  L a r d e r e l l o  f rom t h e  t w o - p h K v a p o r - d o m i n a t e d  r e s e r v o i r  t o  t h e  w e l l  
b o t t o m  i s  o f  t h e  o r d e r  o f  a few d a y s .  T h i s  t r a v e l  t i m e  i s  t o o  s h o r t  t o  a l l o w  s i g n i f i c a n t  r e e q u i l i b r a t i o n  of 
g a s  r e a c t i o n s  a t  t h e  new t e m p e r a t u r e  c o n d i t i o n s .  

I n  f i g u r e  7 t h e  volume p e r  c e n t  o f  l i q u i d  w a t e r  i n  t o t a l  r o c k  i s  p l o t t e d  v e r s u s  t h e  d i f f e r e n c e  be tween t h e  
r e s e r v o i r  t e m p e r a t u r e  and w e l l - b o t t o m  t e m p e r a t u r e  a f € e c t e d  by f l a s h i n g  ( d a t a  f rom T r u e s d e l l  a n d  W h i t e ,  1973).  
The s t a r t i n g  t e m p e r a t u r e  t o  p l o t  t h e  d i a g r a m  i s  24OOC b u t  t h e  computed t e m p e r a t u r e s  d i f € e r e n c e s  a r e  also 
a p p r o x i m a t e l y  c o r r e c t  €or a s t a r t i n g  t e m p e r a t u r e  o f  a b o u t  25OOC. 

LIQUID WATER I N  THE RESERVOIRS OF LARDERELLO AND THE GEYSERS 

T a b l e  4 shows t h e  a p p r o x i m a t e  volume p e r  c e n t  o f  l i q u i d  w a t e r  i n  t h e  p a r t  o f  t h e  r e s e r v o i r  f e e d i n g  t h e  
w e l l s  ALR and FBN frorn 1 9 4 0  t o  1978,  computed a s  d e s c r i b e d  by T r u e s d e l l  a n 2  Whi te  (1973)  f r o m  d i f f e r e n c e s  i n  
t e m p e r a t u r e s  g i v e n  by t h e  H2S g e o t h e r m o m e t e r  ( e q u a t i o n  1 2 )  and t h e  w e l l - b o t t o m  t e m p e r a t u r e s  c a l c u l a t e d  
a c c o r d i n g  t o  Nathenson  ( 1 9 7 5 ) .  The d i f f e r e n c e s  be tween t h e  bot tom-hole  t e m p e r a t u r e s  and  a c o n s t a n t  r e s e r v o i r  
t e m p e r a t u r e  o f  255OC are a l s o  g i v e n .  

A s  t h e  f l o w  r a t e  d e c r e a s e s ,  t h e  volume p e r  c e n t  o f  l i q u i d  w a t e r  i n  t h e  p r o d u c i n g  r e s e r v o i r  d e c r e a s e s  
r e g u l a r l y .  A f t e r  a b r o a d  maximum f rom 1 9 5 3  t o  1960,  t h e  computed t e m p e r a t u r e s  i n  r e s e r v o i r  and a t  t h e  w e l l  
b o t t o m  d e c r e a s e  m o d e r a t e l y  p r o b a b l y  d u e  t o  t h e  i n c r e a s i n g  c o n t r i b u t i o n  o f  t h e  s t e a m  d i r e c t l y  coming f rom 
f l a s h i n g  o f  d e e p  b r i n e .  The t e m p e r a t u r e  d e c r e a s e  i s  n o d e r a t e  b e c a u s e  s t e a m  t e m p e r a t u r e s  a r e  b u € f e r e d  by 
p a s s a g e  t h r o u g h  t h e  d r y  b u t  s t i l l  h o t  r e s e r v o i r .  Geothermometer  t e m p e r a t u r e s  a g r e e  w i t h  b o t t o m - h o l e  
t e m p e r a t u r e s  b e c a u s e  t h e  l ong  t r a n s i t  t i m e  h a s  a l l o w e d  r e e q u i l i b r a t i o n  o f  t h e  g a s e s .  ' , e n  t h e  steam 
t e m p e r a t u r e  s t a r t s  t o  d r o p ,  c h l o r i d e  i o n  i n  t h e  s t e a m  f o r  t h e s e  w e l l s  s t a r t s  t o  i n c r e a s e  s t r o n g l y .  T h i s  i s  
c o n s i s t e n t  w i t h  a c o n t r i b u t i o n  o f  s t e a m  coming f rom a c h l o r i n e - r i c h  w a t e r  s u c h  a s  t h e  h y p o t h e s i z e d  d e e p  
b r i n e .  The f l o w  ra te  c o n t i n u e s  t o  d e c r e a s e  b e c a u s e  o f  t h e  s t r o n g  e x p l o i t a t i o n  i n  t h i s  p a r t  o f  t h e  f i e l d .  

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  l e v e l i n g  o f f  o f  t h e  f l o w  r a t e  f rom i t s  i n i t i a l  l a r g e  v a l u e s  c o i n c i d e s  
w i t h  t h e  a c h i e v e m e n t  o f  n e a r  maximum w e l l - b o t t o m  t e m p e r a t u r e s .  F l a s h i n g  of  l i q u i d  f rom t h e  u p p e r  c o n d e n s a t e  
l a y e r  n e a r  t h e  w e l l  b o t t o m  p r o d u c e s  a l a r g e  f l o w  of r e l a t i v e l y  low t e m p e r a t u r e  s team.  When t h i s  i s  e x h a u s t e d  
Steam i s  s u p p l i e d  f r o m  d r i e r  p a r t s  o f  t h e  r e s e r v o i r  a c  g r e a t e r  d i s t a n c e s  f rom t h e  w e l l .  F lash i i - ig  o f  t h e  d e e p  
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brine produces no increase in flow because it is distant from the well bottom. Because the brine zone is 
saturated the steam flow path may be expected to increase more slowly and the rate of flow decline may 
decrease. 

The calculated percentage of liquid water in the reservoir rock is shown for a number of The Geysers wells 
in Table 5 (data courtesy of Union Oil Cs.). The temperature has been computed starting from a reservoir 
temperature of 2$7OC bascd on the maximum sea level pressure of 36 bars for the Sulfur Bank wells (Lipman et 
al., 1978), and the average depth of The Geysers wells assuming saturated steam. This temperature is 
consistent with the average temperature (249+1OoC) computed by the H2S geothermometer (equation 12). The 
computed liquid water contents in the reservoir increase with C02/steam ratio as would be expected with 
increasing condensation. The average water contents are close to 6.5  volume percent, similar to the figure of 
5 per cent used by Nathenson and Muffler (1975) to calculate reserves at The Geysers. 

- 
- 

The actual content of liquid water at The Geysers is much higher than the present content computed for 
wells GR1, ALR and FBN of Larderello, but of the same order of the content computed for these three wells in 
the early years of production. The thickness and water content of the vapor-dominated reservoir appears to 
differ in the two systems and it is not certain whether steam compositions at The Geysers will go through the 
sa-e evolution as at Larderello. 

The gas geothermometer provides indications of reservoir conditions distant from the well bottoms and 
allows estimates of the liquid water content of reservoir rocks. 
vaporization of this liquid, the calculation of liquid water content allows estimates of steam reserves within 
a known volume of reservoir rock. 

Since most steam must be produced from the 

APPLICATION OF THE GEO'?4ERNOHETERS TO HOT-WATER FIELDS 

Equation 10 has been applied to calculate the reservoir temperatures using computed H;S/C02 ratios in 
the total fluid of samples from several wells of hot water fields. 

The following parameters are used: 

P measured pressure at separator (bars) 
SeP 

measured enthalpy of total fluid at separator (J/g) 

enthalpy of liquid water ( J / g )  

enthalpy of steam (J/g) 

measured mol- per cent of H S in the total noncondensable gas 

molar fraction of H S in total fluid (steam + liquid water) 
fraction of liquid water 

fraction of steam 

%ot 

Ew 

ES 
% H2S 2 

d2S 
xW 

xS 

2 x 

Y measured gas/steam ratio (moles/moles) 

n number of moles 

The enthalpy balance is: 

E = EwXw + Es(l-Xw) 

Using the measured PSep and Etotr liquid and stearn enthalpies can be computed from steam tables, and then 
the function of liquid water Xw and steam Xs: 

tot 

Xw = (Etot-Es)/(Ew-Es) 

x s = 1 - X ,  

From Xs, the measured % H2S and the gas/stezm ratio Y, the molar fraction of H2S in total fluid, 
XH~S, can be computed: 

100 + 100 -1 

xHzs = Y' Xs %H2S % H2S 

2s3 
For water-dominated systems it is then convenient to have an H2S geothermometer as a function of XH 
taking into account the solubility of this gas. 

The theoretical partial pressure of HzS is given by developing equations 1, 3, 4, 5 ,  6 as a function of 
temperature (OK) 

log PH~S = 10.11 - 5C43.5/T - 0 . 7 9  log T 
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By Henry ' s  law, t h e  p a r t i a l  p r e s s u r e  of a gas c a n  be  r e l a t e d  t o  t h e  mola r  f r a c t i o n .  

'H2S = xH2S * KH2ST 

H e n r y ' s  l aw  c o n s t a n t ,  K H ~ s ,  i s  a f u n c t i o n  o f  t e m p e r a t u r e  ( K o z i n t s e v a ,  1964) .  Then: 

log X H ~ S  = 10.11 - 5043.5/T - 0.79 log T - l o g  K H ~ s ( T )  

The t h e o r e t i c a l  log  X,,, g i v e n  by t h e  p r e v i o u s  e q u a t i o n  i s  p l o t t e d  i n  t h e  f i g u r e  8. 

The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  shown i n  t a b l e  6. The H2S geother inometer  ( e q u a t i o n  13) a p p e a r s  t o  
g i v e  r e s u l t s  c o n s i s t a n t  w i t h  l i q u i d - b a s e d  g e o t h e r z o m e t e r s .  
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Table l.--Basic chemical reactions and equilibrium constants. 

React ions Equilibrium constants Regression coefficients Ref 
A B C 

log Kt = A1 + Bl/T 

log K 2  = A + B2/T + C210g T 

log K 3  = A3 + B3/T + C310g T 

log K4 = A4 + B4/T 

log P 

log P 

2 

= A5 + B5/T 
O2 

= A6 + B6/T 
2O 

2.652 -12 ,776  a 

6 . 8 2  11,801 -7.11 b 

-0 .13  -4 ,394 .5  0 . 7 9  c 

-4 .683  -3 ,796  d 

2 . 8 0  -20 ,760  

5.451 -2 ,020  

References: a, Barin and Knacke ( 1 9 7 3 ) ;  b, Ellis (1957) .  Kubaschewski ( 1 9 5 1 ) ;  c, Holland ( 1 9 6 5 ) ;  

d, Helgesoo (1969) .  



Table 2a. Average (and standard deviation) of volume per cent and log Pgas/Pcq2 f o r  70 wells of the central ”classic” Larderello 
and Serrazzano zones divided into groups according to gas/steam ratio. 

5-1 5-2 5-3 

l og  Nl/Kgw (avg.) 1.25 1.36 1.46 1.56 1.66 1.77 1.87 2.02 1.23 1.25 1.41 

(v%)ii2 2.9+o.f+ 2.720.4 2.120.4 l.8LO.2 1.6tO.2 - 1.2+0.2 1.0+0.3 0.8+0.2 3.620.3 3.820.5 3.120.2 

l d P H  /Pco 1 -1.50 -1.54 -1.65 -1.72 -1.78 -1.91 -1.99 -2.09 -1.40 -1.36 -1.46 
2 2  

1.520.3 1.420.2 1.420.1 1.420.5 0.920.4 0.620.3 0.4+0.2 0.620.4 1.L+O.1 1.720.2 1.8+0.1 (V%)CH4 - - - 
1 -1.79 -1.82 -1.83 -1.83 -2.03 -2.21 -2.39 -2.21 -1.85 -1.73 -1.71 1og(pCH4’PC02 

-1.57 -1.61 -1.69 -1.74 -1.84 -1.99 -2.15 -2.29 -1.45 -1.48 -1.47 

92.421 93.021 93.7~1 94.221 95.821 96.121 98.221 97.521 91.1 90.8 91.7 I 
w 

Table 2b. Carbon dioxide/steam and gas ratios for some high-temperature wells at Serrazzano, f o r  some wells at The Geysers and €or  reference 
wells at Monte Amiata and Travale. 

G-1 G-2 G-3 G-4 G-5 G-6 G-7 G-8 G-9 A- 1 A-2 T-1 

0.33 0.12 0.38 0.69 0.56 0.53 -0.73 0.64 -0.62 1.56 7.. 16 1.66 
-0.45 -0.87 -0.64 -0.66 -0.47 -1.21 -1.42 -0.90 -0.70 -2.44 -2.29 -2.25 

-0.79 -0.92 -1.39 -0.96 -0.53 -1.70 -1.34 -0.73 -0.15 -1.84 -1 56 -1.58 

-1.02 -1.16 -1.06 -1.21 -1.15 -1.56 -1.12 -1.11 -0.64 -2.97 -2.37 -1.97 

Well names: Serrazzano area, Larderello The Geysers 
s-1 vc/10 G-1 Rorabauch-10 
5-2 Querciola 1 G-2 L.? Koma-Fame-15 
S-3 Lustignano 5 G-3 DX-Stste-SO 

G-4 Ottohone-State-15 
G-5 Rorabaugh-7A 
G-6 DX-27 
G-7 Ch 956 

G-9 CA 1892 
G-8 Aidlin 1 

Monte Arniata - Travale 
A-1 Baguore 2b 
A-2 Piancastagnaio 8 
T-1 Travale 23/D 
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Table 3 .  Temperatures computed by gas geotheraoiaeters (OC) 

TH2 Larderello (classic area) T m 4  
Tmeas 

1.22 
1.33 
1.43 
1.53 
1.64 
1.76 
1.86 
2.01 

245 
253 
252 
256 
262 
260 
26 3 
269 

2 50 
251 
246 
245 
244 
239 
237 
235 

241 
24 3 
246 
250 
239 
230 
221 
239 

235 
24 1 
243 

249 
246 
240 
24 1 

2413 

2413 
249 
247 
247 
244 
238 
231 
226 

108-260 
234-252 
229-244 
223-245 
206-242 
210-222 
201-222 
198-233 

Serrazzano 

Well Vc/10 253 26 5 235 243 256 260 
Querciola 1 258 268 246 242 255 26 5 
Lustignano 5 268 269 253 260 262 270 

M. Amiata - Travale 
Well Bagnore 2b 184 '200 249 153 173 1 6 0  

Travale 23/D 213 218 276 239 236 240 
Piancastagnaio 8 263 233 302 248 226 210 

The Geysers (table 2 )  

1 
2 
3 
4 
5 
6 
7 
8 
9 

264 
198  
248 
283 
290 
204 

96 
248 
150 

313 
26 5 
297 
310 
323 
253 
193 
285 
225 

286 206 
26 6 180  
240 207 
287 220 
323 214 
222 180 
204 128 
307 224 
2 2 1  133 

256 252+ 
239 
255 
255 
255 
225 
214 
26 0 
249 247 

Table 4 .  Reservoir temperatures computed from equation ( 1 2 ) ,  well-bottom temperatures and volume 
percentages of liquid water i n  the reservoir for two wells of Larderello from 1940-1978. 

FEN 1942 80-97 24 -1.59 252 215 37 4 0  6.1-6.5 

1951 5 1  26 -1.56 257 235 22 20 3.3-3.6 

1.960-63 28 29 -1.65 252 248 4 7 0.7-1.2 

1970-71 18  29 -1.45 252 251 1 4 0.2-0.7 

1977-78 15 28 -1.69 248 245 3 LO 0.5-1.7 

ALR 1941 120 16 -1.51 252 216 36 33  5.9-6.4 

1951 38 26 -1.57 255 239 16 16 2.6-2.6 

1965-66 20 4 3  -1.74 251  250 1 5 0.2-0.9 

1970-71 15 28 -1.67 249 247 2 8 0.4-1.3 

1977-78 10 25 -1.71 246 247 0 8 0 -1.3 
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Table 5. Reservoir temperatures computed from equation (12). 
well-bottom temperatures and percentage of liquid water in 
the reservoir €or nine wells at The Geysers in 1977. 

0.79 
1.10 
1.34 
1.53 
1.58 
1.76 
2.08 
2.08 
2.73 

-1.01 
-0.95 
-0.99 
-1.37 
-0.98 
-1.04 
-1.36 
-1.22 
-1.06 

241 
250 
251 
227 
2 54 
251 
232 
24 1 
257 

232 
220 
207 
207 
207 
204 
204 
214 
179 

2.4 
4.5 
6.5 
6.5 
6.5 
7.0 
7.0 
5.5 

11.1 

Table 6 Reservoir temperatures of water-dominated geothermal systems 
calculated frog equation (10) compared with measured temperatures and 
temperatures from other geothermometers. Data from Truesdell and 
Singers ( 1 9 7 1 )  except for Cerro Prieto (Nebring and Fausto, 1979) and 
Namafjall (Arnorsson, 1974). 

W e l l  Temperatures 
Na-K-Ca Na-K Yeasured Maximum H2S Si02 

Cerro Prieto 8 
27 
35 
2 LA 
20 

Wairakei 20 
Broadlands 2 
Tauhara 1 
Rotakawa 1 
Kawerau 8 
Orakeikorakei 3 
Kizildere 1A 
Matsao E205 
Otake 7 
Hveragerdi G 7  

4 
Reykjanes 8 
Namafjall 4 

5 
6 
7 
8 
9 

Tatio 2 

273 278 295 340 
268 277 284 
287 301 299 
283 301 279 
258 262 243 
2 54 262 260 270 
297 287  287 307 
259 257 
259 255 
282 258 260 
245 242 237 
243 193 210 
234 248 240 300 
230 212 195 
217 193 
187 165 
240 235 270 
237 256 280 2 9 0  
221 237 250 
245 257 270 
247 26 5 290 
2 36 257 27 5 
244 266 260 
291 213 2 26 260 

298 270 
312 279 
291 299 
301 2 8 0  
289 2 56 
231 246 

265(290) 261 
248 248 
247 254 

233(232) 234 
216 199 
290 245 

180(201) 217 
211(22) 222 

219 200 
225(233) 251-256 

290 252-207 
273 264-243 
306 264-243 
317 280-243 
277 241 
295 254-259 
206 218 

291 282 



-358- 

1 I I * T R * " L E  22 

I LARDERELLO 

0 THE QEYSERS 
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Figure 1 

Figure 1. i p p l i c a c i o n  of e q u a t i o n  1 2  io Laraereiio, Travnle, ana Tine 
Geysers .  . \ ccual  H.,SlCO, racios (as  l a g ( ? R 1 S i P C o 2  2 ) )  are p l o c t e d  YS. 
g a s l s t e a m  r a t i o s .  -ConSnuous l i n e s  snow v r e d i c e e d  v a l u e s  ac ieiected 
Kenperacures.  

I 

Figure 2 

Figure 2 .  A p p l i c a e i a n  of e q u a t i o n  12 eo a l l  a i  L a r d e r e i i o  f i e l d .  
(1) compuced T greacer than ?50°C 
( 2 )  campuced T l ess  chan oi e q u a l  eo ?50°C 
( 3 )  computed i sotherms ac ?SO, 225 and ?OO°C 
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Figure  3 .  
t i m e  (:ears) f o r  w e l l  ALR? 

E v o l u t i o n  o f  H S percentage i n  the  dry gas i s  p l o t t e d  xvs. 
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Figure 5 

Figure  5.  
wel l -bottom temperature ( t r i a n g l e s ) ,  and average r e s e r v o i r  Lemperature 
computed u s i n g  i12S,  H 2 ,  CH 

E v o l u t i o n  with t i m e  o f  wel l -nead temperature (crosses), 

geathermomecers (diamonds) f a r  . d e l l  I L R .  

A WCLL GRI 
+ ALR 
o F8N 

Figure  h .  
three L a r d e r e l l o  wells. 

Change w i t h  t i m e  o f  g a s l s c e a m  r a t i o  (SlgasIKg steam) f o r  
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Fiaure 6 

Figure  6 .  Same as Figure  5 ,  f o r  w e l l  FBN. 
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Figure 7 

Figure 7 .  Computed volume per cenf oi l i q u i d  water i n  t o t a l  rack 
p l o t t e d  Y S .  the d i f f e r e n c e  between the r e s e r v o i r  and the well-bottom 
temperatures.  S t a r t i n g  product ion c o n d i t i o n s  a r e  l o c a f e d  on the 
diagram f o r  3 :?ells a t  L a r d e r e l l a .  

-4 

-1 

-1 

- I  

- a  

Figure 8 

Figure 8.  
f u n c t i o n  of temperature used as  g e o t h e r k m e c e r  f o r  water-dominated 
geothermal sysrems (Table 6 ) .  

Computed molar f r a c t i o n  of H7S i n  l i q u i d  wafer r e s e r v o i r  a s  
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HYDROTHERMAL ALTERATION PIINERALS OF THE GEYSERS STEAPI FIELD, 

CALIFORNIA AND THEIR POTENTIAL USE I N  EXPLORATION 

Diane Moore, U. S. Geo log ica l  Survey, Menlo Park, C a l i f o r n i a  

INTRODUCTION 

L i t t l e  i n f o r m a t i o n  has been p u b l i s h e d  on t h e  hydrothermal  
a l t e r a t i o n  m i n e r a l s  o c c u r r i n g  a t  depth i n  t h e  Geysers steam 
f i e l d ,  C a l i f o r n i a .  S t e i n e r  (1958) r e p o r t e d  t h e  occurrence of 
w a i r a k i t e  f rom a w e l l ;  M c N i t t  (1964) i d e n t i f i e d  p y r i t e ,  s e r i c i t e ,  
c a l c i t e ,  q u a r t z ,  s i d e r i t e ,  a p a t i t e  and c h l o r i t e  i n  cores of Fran- 
c i s c a n  graywacke and greenstone. Recent ly ,  Union O i l  Geothermal 
D i v i s i o n  f u r n i s h e d  a s e t  o f  w e l l  cores f rom t h e  cap r o c k  o v e r l y -  
i n g  thesteam r e s e r v o i r  f o r  geophysica l  s t u d i e s  (Lockner  -- e t  a l .  , 
1980); sample l o c a l i t i e s  a r e  shown i n  F i g u r e  1. Cores o f  meta- 
graywacke and greenstone f rom 4 we1 l s---Thermal 10 (TH10) , Lakoma 
Fame 6 (LF6),  D & V 1 (DV1) and Horner S t a t e  (HS1)---were compa- 
r e d  t o  una1 t e r e d  Franc iscan metagraywacke (GP5) f rom s u r f a c e  ex- 
posures (Table 1 ) .  Several  p r e v i o u s l y  un repor ted  a1 t e r a t i o n  mine- 
r a l s  were found i n  t h e  cored rocks,  i n c l u d i n g  ep ido te ,  t r e m o l i t e -  
a c t i n o l i t e ,  p r e h n i t e  and tou rma l ine .  T h i s  n o t e  desc r ibes  t h e  ob- 
served a l t e r a t i o n  m i n e r a l s  and some o f  t h e  f a c t o r s  t h a t  c o n t r o l l e d  
t h e i r  growth.  

SAMPLE DESCRIPTIONS 

GP5 -- Outcrops o f  Franc iscan r o c k  i n  t h e  Geysers area 
c o n s i x f  massive, f i n e - g r a i n e d  metagraywacke w i t h  t h e  m i n e r a l  
assemblage q u a r t z  + a l b i t e  + c h l o r i t e  + p h e n g i t e  + p u m p e l l y i t e  + 
sphene + c a l c i t e .  GP5 c o n t a i n s  some r e l i c t  d e t r i t a l  ep ido te ,  
t h a t  occurs as rounded g r a i n s  o r  as p a r t  o f  s c h i s t o s e  metamorphic 
r o c k  f ragments.  These p a r t l y  a l t e r e d  r e l i c s  a r e  r e a d i l y  d i s t i n -  
gu ishedfrom t h e  hydrothermal e p i d o t e  o f  some cores.  

HS1  -- The Horner S t a t e  w e l l  i s  l o c a t e d  near  t h e  n o r t h e r n  
l i m i t o f  d r i l l i n g  o p e r a t i o n s  i n  t h e  Geysers steam f i e l d  ( F i g .  1 ) .  
Metagraywacke a t  1478 m depth i s  n e a r l y  i d e n t i c a l  t o  GP5, except  
f o r  thepresence i n  H S 1  o f  narrow v e i n s  o f  c a l c i t e  + p y r i t e .  A l -  
though c a , l c i t e  i s  a s s o c i a t e d  w i t h  b o t h  t h e  i n i t i a l ,  Franc iscan 
metamorphism and l a t e r  hydrothermal  a c t i v i t y ,  p y r i t e  i s  e x c l u -  
s i v e l y  a hydrothermal m i n e r a l .  Therefore,  t hese  v e i n s  a r e  c o r r e -  
l a t e d  w i t h  events r e l a t e d  t o  t h e  steam f i e l d .  

- D V 1  -- I n  c o n t r a s t  t o  t h e  t e x t u r a l l y  unmod i f i ed  GP5 and H S 1  
metagraywackes, t h e  D V 1  c o r e  i s  a s e m i s c h i s t  w i t h  p a r t i a l  segre- 
g a t i o n  o f  q u a r t z o f e l d s p a t h i c  and c h l o r i t e - r i c h  l a y e r s .  
t h e  quar t zose  l a y e r s  have been fragmented and t h e  p ieces  randomly 
o r i e n t e d  i n  t h e  c h l o r i t i c  bands. T h i s  fragmented, s c h i s t o s e  t e x -  
t u r e  p robab ly  o r i g i n a t e d  d u r i n g  Franc iscan metamorphism and d e f o r  

Some o f  
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mat ion; the v e i n s  a s s o c i a t e d  w i t h  t h e  hydrothermal  even ts  i n  D V l  
c u t  ac ross  a l l  t h e  d e f o r m a t i o n  f e a t u r e s .  

A l a r g e  number o f  hydrothermal  v e i n  m i n e r a l s  occu r  i n  D V 1  
( T a b l e  1); c a l c i t e  a l o n e  i s  n o t a b l y  absent.  
c o n t a i n s  t h e  assemblage e p i d o t e  + c a l c i c  amphibole + c h l o r i t e  + 
a d u l a r i a  + p y r i t e .  C h l o r i t e  g e n e r a l l y  l i n e s  t h e  w a l l s  o f  such 
ve ins ,  and euhedra l  e p i d o t e  and a d u l a r i a  extend i n t o  t h e  v e i n s  
f r o m  t h e  marg ins.  The p a l e  green c a l c i c  amphibole i s  p r o b a b l y  
t r e m o l i t e  o r  a c t i n o l i t e  i n  compos i t i on .  Wider v e i n s  i n  DV1,  
t h a t  c r o s s - c u t  t h e  e p i d o t e  and a c t i n o l i t e - b e a r i n g  ve ins ,  con- 
s i s t  o f c o a r s e - g r a i n e d  a d u l a r i a  + q u a r t z  + p y r i t e  + p r e h n i t e  + 
c h l o r i t e .  The p r e h n i t e  i n  t h e  l a r g e  v e i n s  i s  an i n t e r s t i t i a l  
m i n e r a l a n d  t h e  q u a r t z  occu rs  as euhedra l  c r y s t a l s  t h a t  a r e  enve- 
l oped  by coarse-gra ined,  anhedra l  a d u l a r i a .  

Other  than  v e i n  development, t h e  D V 1  metagraywacke e x h i b i t s  
few e f f e c t s  o f  hydrothermal  a l t e r a t i o n .  M ino r  amounts o f  e p i d o t e  
and a c t i n o l i t e  a r e  found  i n  t h e  w a l l  r o c k  a d j a c e n t  t o  t h e  e p i d o t e -  
b e a r i n g v e i n s .  D V 1  a l s o  c o n t a i n s  a c o n s i d e r a b l e  amount o f  green, 
b lue-green,  o r  brown t o u r m a l i n e  t h a t  has a p p a r e n t l y  c r y s t a l 1  i z e d  
i n  response t o  t h e  hydrothermal  a c t i v i t y .  The t o u r m a l i n e  occu rs  
as aggregates of  i r r e g u l a r l y  shaped t o  t a b u l a r  c r y s t a l s  i n  t h e  
c h l o r i t e - r i c h  bands. 

One s e t  o f  v e i n s  

THlO -- T h i s  metagraywacke a l s o  shows a h i g h  degree of t e x -  
t u r a l  r e c o n s t i t u t i o n ,  i n  t h i s  case owing t o  r e c r y s t a l l i z a t i o n  
d u r i n g  hydrothermal  a l t e r a t i o n  r a t h e r  than  t o  d e f o r m a t i o n  accom- 
pany ing  F ranc i scan  metamorphism. I n  p l a c e s  t h i s  a l t e r a t i o n  has 
d e s t r o y e d  t h e  sedimentary f a b r i c ,  p roduc ing  a f i n e - g r a i n e d ,  non- 
f o l i a t e d  mosaic o f  q u a r t z  + f e l d s p a r  + c h l o r i t e  + w h i t e  mica. 
The a l t e r a t i o n  i s  c h a r a c t e r i z e d  by t h e  i n t r o d u c t i o n  o f  potass ium 
and s u l f u r ,  and t h e  loss o f  sodium. A l l  f e l d s p a r s  i n  TH10, t h a t  
p r e v i o u s l y  had been a l b i t i z e d  d u r i n g  F ranc i scan  metamorphism, 
have been r e p l a c e d  by a d u l a r i a  w i t h  a t i l e - l i k e  t e x t u r e  i d e n t i c a l  
t o  t h a t  o f  t h e  a d u l a r i a  a t  Wa i rake i ,  New Zealand ( S t e i n e r ,  1970).  
E x t e n s i v e  p y r i t e  m i n e r a l i z a t i o n  a l s o  has taken  p lace ,  w i t h  s u l -  
f i d e s  c o n c e n t r a t e d  i n  some s h a l e  and v o l c a n i c  r o c k  f ragments and 
i n  t h e  metagraywacke m a t r i x .  

THlO i s  e x t e n s i v e l y  c u t  by v e i n s  whose m i n e r a l  assemblages 
d i f f e r  f r o m  D V 1  i n  t h e  absence o f  e p i d o t e  and a c t i n o l i t e  and t h e  
presence o f  c a l c i t e  ( T a b l e  1 ) .  
l a m i n a r  v e i n s  c o n s i s t s  o f  a l t e r n a t i n g  l a y e r s  o f  f i n e - g r a i n e d  
q u a r t z  and c h l o r i t e .  L a t e r ,  w i d e r  v e i n s  composed p r i n c i p a l l y  o f  
q u a r t z  + a d u l a r i a  + p y r i t e  a r e  s i m i l a r  t o  v e i n s  i n  DV1.  Minor ,  
i n t e r s t i t i a l  p r e h n i t e  i n  these  younger v e i n s  i s  p a r t l y  r e p l a c e d  
by c a l c i t e ;  i n  p l a c e s  t h e  v e i n  w a l l s  a r e  l i n e d  w i t h  c h l o r i t e .  

An e a r l y  g e n e r a t i o n  o f  narrow, 

LF6 -- Greenstone samples f r o m  2 depths were examined f r o m  
t h e  Lakoma Fame w e l l .  A t  t h e  deeper, 969 m l e v e l ,  t h e  r o c k  was 
o r i g i n a l l y  an a p h a n i t i c  m e t a b a s a l t  w i t h  s c a t t e r e d  sma l l  p l a g i o -  
c l a s e  l a t h s  and sca rce  r e l i c t  pyroxene phenoc rys ts .  The igneous 
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minerals were replaced by the assemblage a lb i t e  + chlor i te  + 
sphene + white mica during Franciscan metamorphism. 
of a lb i t e  + chlor i te  may also be correlated with the early Fran- 
ci scan metamorphism, for  the fo l l  owing reasons : 1) the a1 bite- 
bearing veins are  cut by veins clearly associated with the steam 
f i e ld ;  and 2 )  the character is t ic  feldspar of the hydrothermal veins 
i s  adularia rather t h a n  a lb i t e .  Later veins consist principally 
of coarse-grai ned chlor i te  + adularia + p.yri t e .  Neither cal c i t e  , 
q u a r t z ,  nor epidote was positively identified in th i s  rock. 
Other t h a n  vein formation, t h i s  greenstone shows no evidence of 
hydrothermal a1 terat ion.  

Narrow veins 

Greenstone a t  the 922-927 m level in LF6 i s  considerably 
coarser-grained and contains many more pyroxene phenocrysts t h a n  
the greenstone a t  greater depth. The 922 m rock also has larger 
veins t h a t  contain ca l c i t e ,  epidote, and ac t ino l i te  in addition 
t o  pyri te ,  adularia,  and chlor i te  (Table 1 ) .  
l a t e  vein mineral t h a t  f i l l s  the centers of some veins and  cuts 
across minerals such as epidote and  adularia. Minor amounts of 
epidote have also crystall ized within the greenstone wall rock. 

The ca l c i t e  i s  a 

CONTROLS - ON MINERAL DISTRIBUTION 

Because of the limited number of cores examined here, gene- 
ra l izat ions a b o u t  mineral distribution a n d  the controls of mine- 
ral occurrence cannot be made. However, variations in mineral 
assemblages have been observed a t  different  depths and locations 
within the Geysers steam f i e ld .  The observed dis t r ibut ions may 
have been influenced by the following factors:  

1) Temperature. The crystal 1 ization of epidote and actino- 
l i t e  in the cores may be most strongly controlled by temperature. 
I n  other geothermal f ie lda ,  epidote a n d  ac t ino l i te  occur a t  tem= 
peratures above a b o u t  220 C .  According t o  White - _  e t  a l .  ( 1 9 7 1 ) ,  
temperatures within the steam reservoir a t  the Geysers are  rela- 
tively uniform at 240 C. T h e  epidote- and actinolite-bearing 
core D V 1  was locat d j u s t  above the steam reservoir,  where tem- 
peratures near 240 C may also have prevailed. Similar tempera- 
tures may have existed a t  depth in the Lakoma Fame well. 
duced temperatures a t  the shallow depths (100 m )  of the THlO core 
may explain the absence of epidote and ac t ino l i te  from t h a t  
thoroughly recrystall ized metagraywacke. 

% 
Re- 

Cored metagraywacke from the Horner State  well was obtained 
a t  the greatest  depth of a l l  examined cores, yet HS1 displays the 
leas t  development of veining and no wall rock al terat ion.  This 
well may have been dr i l led  into low-temperature rock lying out- 
side the influence of the steam reservoir. 

2 )  Pressure. According t o  Browne (1978), pressure has l i t t l e  
d i rec t  e f fec t  on hydrothermal a l terat ion.  However, changes in 
f luid pressure, such as those produced by boiling, may a l t e r  the 
f luid composition and thus promote crystal l izat ion of certain 
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v e i n  minera ls .  B o i l i n g  and subsequent l o s s  o f  CO may have r e -  
s u l t e d  i n  t h e  d e p o s i t i o n  o f  c a l c i t e ,  q u a r t z  and a g u l a r i a  i n  some 
cores.  I n  c o n t r a s t ,  n o n - b o i l i n g  o f  t h e  hydrothermal f l u i d  a t  D V 1  
i s  a p o s s i b l e  e x p l a n a t i o n  f o r  t h e  absence o f  c a l c i t e  f rom t h a t  
core.  

3)  P e r m e a b i l i t y .  P e r m e a b i l i t y  i s  an i m p o r t a n t  f a c t o r  i n  t h e  
amount o f  r o c k  a l t e r a t i o n  a t t a i n e d  w i t h i n  a geothermal f i e l d .  I n  
r o c k s  o f  low p e r m e a b i l i t y ,  i n t e r a c t i o n  between t h e  r o c k  and a hy- 
drothermal  f l u i d  i s  s l i g h t  and e q u i l i b r i u m  i s  c e r t a i n l y  n o t  a t -  
ta ined.  A t  t h e  Ohaki-Broadlands geothermal area i n  New Zealand, 
t h e  replacement o f  p l a g i o c l a s e  by a d u l a r i a  i n  t h e  r e s e r v o i r  
rocks  i s  r o u g h l y  c o r r e l a t e d  w i t h  an i n c r e a s e  i n  t h e  measured w e l l  
p e r m e a b i l i t y  (Browne, 1970). O f  t h e  Geysers cores s tud ied ,  THlO 
may have been t h e  most permeable; t h e  abundance o f  p y r i t e  and 
a d u l a r i a  i n d i c a t e  t h a t  a s i g n i f i c a n t  amount o f  chemical exchange 
has taken p lace.  I n  c o n t r a s t ,  LF6 and DV1 show l i t t l e  r o c k  a l -  
t e r a t i o n ,  most o f  which i s  concent ra ted  near  ve ins .  

4 )  Rock Type. A t  low temperatures,  t h e  compos i t ion  o f  t h e  
r e s e r v o i r  and cap rocks  may i n f l u e n c e  t h e  a l t e r a t i o n  m i n e r a l s  ob- 
served (Browne, 1978). The c o n c e n t r a t i o n  o f  c h l o r i t e ,  c a l c i c  
amphibole, and e p i d o t e  a long t h e  v e i n  w a l l s  suggest t h a t  some o f  
t h e  i r o n  and magnesium r e q u i r e d  f o r  t h e i r  c r y s t a l l i z a t i o n  was 
prov ided by t h e  h o s t  rock ,  th rough exchange r e a c t i o n s  w i t h  t h e  
hydrothermal f l u i d .  Had o t h e r  'rock types o f  d i f f e r e n t  compo- 
s i t i o n s  been present ,  d i f f e r e n t  v e i n  m i n e r a l s  m i g h t  have formed. 

POTENTIAL -- USE OF ALTERATION PIINERALS I N  EXPLORATION 

U n l i k e  hot -water  systems, t h e  m i n e r a l  r e l a t i o n s h i p s  o f  
vapor-dominated geothermal systems have n o t  been i n v e s t i g a t e d  i n  
any d e t a i l  (White,  1970). However, o f  t h e  above parameters, t h e  
r e l a t i o n s h i p s  between temperature and m i n e r a l  occurrence may 
prove u s e f u l  i n  e v a l u a t i n g  t h e  steam-producing p o t e n t i a l  o f  d i f -  
f e r e n t  w e l l s .  I n  p a r t i c u l a r ,  t h e  occurrence o f  e p i d o t e  and 
a c t i n o l i t e  i n  cap rocks  o f  v a r i o u s  composi t ions i n d i c a t e s  t h a t  
temperatures approaching those o f  t h e  steam r e s e r v o i r  have been 
a t t a i n e d .  S i m i l a r l y ,  t h e  borders o f  vapor-dominated systems may 
be i d e n t i f i e d  by t h e  absence o f  h igh- temperature m i n e r a l  assem- 
blages even a t  g r e a t  depth.  
t h e  c a p m c k  may prove i m p o r t a n t  i n  e v a l u a t i n g  t h e  e f f e c t i v e n e s s  
of t h e  sea l  t h a t  produces a vapor-dominated system. 

Knowledge o f  t h e  p e r m e a b i l i t y  o f  
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Figure I .  

S i t e s  of w e l l s  and sampling areas a t  
The Geysers 
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GEOCHEMICAL BEHAVIOR OF THE SECOND HOT D R Y  ROCK GEOTHERMAL 

RESERVOIR AT FENTON H I L L ,  N E W  M E X I C O  

C h a r l e s  0. Gr igsby ,  P. E. T r u j i l l o ,  J r . ,  D. A.  Counce, and 
R .  G. Agu i l a r  

U n i v e r s i t y  o f  C a l i f o r n i a  
Los Alamos S c i e n t i f i c  Labora to ry  

Los Alamos, New Mexico 

I N T R O D U C T I O N  

C h a r a c t e r i s t i c s  of a Hot Dry Rock ( H D R )  geothermal  r e s e r v o i r  were 
deduced by matching a geochemis t ry  model which i n c o r p o r a t e s  r o c k  
d i s s o l u t i o n  and d i sp lacemen t  o f  an ind igenous  p o r e - f l u i d  t o  chemical  
a n a l y s e s  of r e c i r c u l a t i n g  geothermal  f l u i d .  Two r e s e r v o i r s  were 
c r e a t e d  between a p a i r  o f  wells by h y d r a u l i c  f r a c t u r i n g .  The geometry 
of t h e s e  r e s e r v o i r  systems, as  well a s  o p e r a t i o n a l  c o n d i t i o n s  d u r i n g  
f low expe r imen t s  and g e n e r a l  h e a t  e x t r a c t i o n  and water lcss performance 
are d e s c r i b e d  i n  a p receed ing  paper  by Murphy e t  a l . ( l ) .  The f i r s t  o f  
t h e  r e s e r v o i r s  was e v a l u a t e d  by a 75-day f low t e s t  d e s i g n a t e d  a s  
Segment 2. Subsequent o p e r a t i o n s  r e q u i r e d  t h e  cementing o f  t h e  
i n j e c t i o n  well t o  s t o p  a l e a k  behind t h e  c a s i n g ,  and t h i s  cementing 
o p e r a t i o n  c l o s e d  t h e  c o n n e c t i o n  t o  t h e  f i r s t  r e s e r v o i r .  The second ,  
l a r g e r  r e s e r v o i r  was e v a l u a t e d  w i t h  two f low t e s t s  -- t h e  f i r s t  had a 
d u r a t i o n  o f  24 d a y s  and i s  c a l l e d  Segment 4 and t h e  second ,  c a l l e d  
Segment 5 ,  w i l l  e n d  on December 19 ,  1980 a f t e r  284 d a y s  o f  o p e r a t i o n .  
D e s c r i p t i o n s  o f  t h e  f l u i d  geochemis t ry  i n  t h e  f i r s t  r e s e r v o i r  have 
a l r e a d y  been p r e s e n t e d  by Grigsby and T e s t e r ( 2 1 ,  and a p r e l i m i n a r y  
a n a l y s i s  o f  t h e  Segment 4 t es t  h a s  a l s o  been p u b l i s h e d ( 3 ) .  
d i s c u s s i o n  w i l l  be ma in ly  concerned wi th  t h e  geochemistry o f  t h e  second 
r e s e r v o i r .  O f  p a r t i c u l a r  i n t e r e s t  i n  a HDR geothermal  r e s e r v o i r  i s  t h e  
r e l a t i o n s h i p  between t h e  mixed-mean t e m p e r a t u r e  o f  t h e  geothermal  f l u i d  
a s  measured w i t h  a downhole t h e r m i s t o r  and t h e  t e m p e r a t u r e s  g i v e n  by 
t h e  s i l i c a  and t h e  Na-K-Ca geochemical thermometers.  As w i l l  be shown, 
t h e  t e m p e r a t u r e s  p r e d i c t e d  by a p p l y i n g  t h e  chemical  geothermometers  
d i r e c t l y  t o  t h e  produced f l u i d  composi t ion a t  a g iven  time do n o t  
r e p r e s e n t  t h e  t r u e  c u r r e n t  r e s e r v o i r  t e m p e r a t u r e .  

Present 

GEOCHEMISTRY 

F i y i d  samples  were analyzed - f o r  pH, Eh, c o n d u c t i v i t y ,  SiO,, Na+, 
K+,  Ca , L i + ,  B, SO,-, C1-, HCO, , and F- and samples  o f  t h e  g a s  
d i s s o l v e d  i n  t h e  l i q u i d  were analyzed f o r  H , ,  N,, 0,, CO,,  H,S and Rn.  
The d a t a  f o r  SiO, and C1- are p l o t t e d  v s  time f o r  Segments 4 and 5 i n  
F i g u r e s  1 and 2 t o  i l l u s t r a t e  t h e  behav io r  o f  t h e  s y s t e m . .  The r a p i d  
d e c l i n e  i n  b o t h  s i l i c a  and c h l o r i d e  shown i n  t h e  f i r s t . e i g h t  days  i n  
F i g .  1 i s  due t o  open-loop o p e r a t i o n  when t h e  produced f l u i d  was 
d i s c a r d e d  r a t h e r  t h a n  r e - i n j e c t e d .  
e s t a b l i s h e d  i n  day 8, t h e  produced f l u i d  is r e - i n j e c t e d  and t h e  s i l i c a  
and c h l o r i d e  c o n c e n t r a t i o n s  r a p i d l y  a t t a i n e d  s t e a d y - s t a t e  l e v e l s .  The 
g r a p h s  i n  F i g .  2 a l s o  show d e c l i n e  from t h e  h i g h  i n i t i a l  c o n c e n t r a t i o n s  

After c losed - loop  o p e r a t i o n  was 
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t o  s t e a d y - s t a t e  l e v e l s ,  however ,  due  t o  t h e  a b s e n c e  of a l o n g  p e r i o d  of 
open- loop  o p e r a t i o n  i n  t h e  Segment 5 t e s t ,  s t e a d y - s t a t e  c o n d i t i o n s  were 
r e a c h e d  much more r a p i d l y .  

c h e m i s t r y .  I n  t h e  f i r s t ,  t h e  c o n c e n t r a t i o n  o f  an a q u e o u s  s p e c i e s  i s  
f i x e d  by  m i n e r a l - w a t e r  e q u i l i b r i a .  An example  of t h i s  i s  t h e  
q u a r t z - w a t e r  s y s t e m  which f i x e s  t h e  s i l i c a  c o n c e n t r a t i o n s  i n  s o l u t i o n .  
On t h e  other  hand c e r t a i n  s p e c i e s  l i k e  C1-  and B,  d o  n o t  r e s u l t  from 
e q u i l i b r i u m  w i t h  any  known m i n e r a l  i n  t h e  rock.  The c o n s t a n t  r a t i o  o f  
bo ron  t o  c h l o r i d e ( 3 )  s u g g e s t s  t h a t  these s p e c i e s  a r e  p r e s e n t  i n  t h e  
rock as  i n t e r s t i t i a l  s a l t s  or p o r e - f l u i d .  When a flow e x p e r i m e n t  i s  
i n i t i a t e d  i n  a f r a c t u r e ,  some o f  t h i s  p o r e - f l u i d  is d i s p l a c e d  
i m m e d i a t e l y ,  r e s u l t i n g  i n  t h e  h i g h  i n i t i a l  c o n c e n t r a t i o n s  of C1- 
o b s e r v e d  i n  F i g s .  1 and 2. Long-term c i r c u l a t i o n  w i l l  e v e n t u a l l y  
sweep t h e  f l u i d  from t h e  rock p o r e s  and m i c r o c r a c k s  t h a t  a r e  c o n n e c t e d  
t o  t h e  main flow sys t em.  The d i s s o l v e d  i o n s  i n  t h e  p o r e - f l u i d  w i l l  
m a i n t a i n  a c o n s t a n t  r a t i o  i n  t h e  f l u i d  produced  a t  t h e  s u r f a c e  when t h e  
e f f e c t s  o f  a d d i t i o n  of d i f f e r e n t  s p e c i e s  c o n c e n t r a t i o n s  i n  t h e  make-up 
w a t e r  are a c c o u n t e d  fo r .  These  r a t i o s  i n  t h e  p o r e - f l u i d  a r e  m o s t  
e a s i l y  s e e n  by p l o t t i n g  t h e  nond imens iona l  c o n c e n t r a t i o n  < C >  d e f i n e d  a s  

Two t y p e s  of b e h a v i o r  are d i s c e r n a b l e  from a n a l y s i s  of t h e  f l u i d  

c= c <c> I (D 
c - cm 

f o r  s e v e r a l  d i s s o l v e d  s p e c i e s  v s .  time where Cm i s  t h e  c o n c e n t r a t i o n  
of  a g i v e n  s p e c i e s  i n  t h e  p o r e  f l u i d ,  C i s  t h e  c o n c e n t r a t i o n  i n  t h e  
make-up f l u i d ,  and C i s  t h e  c o n c e n t r a t i o n  of t h a t  s p e c i e s  i n  t h e  
produced  f l u i d  a t  time t .  P l o t s  o f  < C >  v s .  t ime for  sod ium,  
p o t a s s i u m ,  c h l o r i d e ,  Znd boron  f o r  t h e  Segment 4 t e s t  a r e  shown i n  
F i g .  3. V a l u e s  f o r  C f o r  e a c h  o f  t h e s e  c u r v e s  a r e  s i m p l y  t h e  
measured  c o n c e n t r a t i o n s  of these  s p e c i e s  i n  t h e  e a r l i e s t  s a m p l e s  t a k e n  
a t  t h e  p r o d u c t i o n  well  d u r i n g  t h e  s t a r t  o f  a f l o w  e x p e r i m e n t .  The 
v a l u e s  f o r  C a r e  t h e  measured  c o n c e n t r a t i o n s  i n  t h e  makeup f l u i d .  

MODELING 

m 

m 

It was found from t h e  r e s u l t s  of t h e  Segment  2 t e s t ( 4 )  t h a t  t h e  
geochemica l  b e h a v i o r  of t h e  e a r l y  s y s t e m  c o u l d  be  a d e q u a t e l y  descr ibed  
by  two p a r a l l e l  flow p a t h s  a t  d i f f e r e n t  t e m p e r a t u r e s .  Such a model is 
shown s c h e m a t i c a l l y  i n  F i g .  4.  The c h a n g e s  i n  c o n c e n t r a t i o n  o f  a 
c h e m i c a l  s p e c i e s  r e s u l t i n g  from m i n e r a l  d i s s o l u t i o n  or p o r e - f l u i d  
d i s p l a c e m e n t  i n  b o t h  flow p a t h s  are d e r i v e d  by w r i t i n g  a mass  b a l a n c e  
on  e a c h  species and on t h e  t o t a l  mass  i n  t h e  sys t em.  Many of t h e  
terms used  i n  t h e  model t o  a c c o u n t  for t h e  r a t e  of d i s s o l u t i o n  or  
d i s p l a c e m e n t  i n  t h e  s e p a r a t e  f low p a t h s  a r e  n o t  d i r e c t l y  m e a s u r a b l e :  
t h e r e f o r e ,  t h e  unknown p a r a m e t e r s  are  lumped i n t o  two t e m p e r a t u r e  
d e p e n d e n t  p a r a m e t e r s .  These  p a r a m e t e r s  are a d j u s t e d  w i t h i n  r e a s o n a b l e  
limits t o  ma tch  t h e  a c t u a l  b e h a v i o r  measured  unde r  open-  o r  
c l o s e d - l o o p  e x p e r i m e n t a l  c o n d i t i o n s .  Compar isons  of t h e  b e s t - f i t  
s o l u t i o n s  o b t a i n e d  for t h e  d a t a  from Segment 4 are shown i n  F i g .  5. 
The close f i t  of t h e  c a l c u l a t i o n s  w i t h  t h e  a c t u a l  d a t a  s u g g e s t s  t h a t  
a s i m p l e  model  w i t h  two p a r a l l e l  p a t h s  is s u f f i c i e n t  a t  t h e  p r e s e n t  
time t o  d e s c r i b e  p o r e - f l u i d  d i s p l a c e m e n t  i n  t h e  r e s e r v o i r .  
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GEOTHERMOMETRY 

If two p a r a l l e l  f l o w  p a t h s  a t  d i f f e r e n t  t e m p e r a t u r e s  and 
r e s i d e n c e  times are c o n d u c t i n g  f l u i d  t h r o u g h  t h e  r e s e r v o i r ,  t h e  
produced  f l u i d  c o m p o s i t i o n s  w i l l  r e s u l t  from t h e  c o m b i n a t i o n  of 
r e a c t i o n  r a t e s ,  r e s i d e n c e  times and flow r a t e s  i n  e a c h  of t h e  f l o w  
p a t h s .  E s t i m a t e s  of t h e  f l o w  s p l i t  between t h e  p a t h s  can  be made by 
c o n s i d e r i n g  a s p e c i e s  s u c h  a s  C1- which d o e s  n o t  r e s u l t  f rom 
m i n e r a l - w a t e r  r e a c t i o n s  i n  t h e  r e s e r v o i r .  From t h e , c l o s e d - l o o p  
p o r t i o n  of t h e  Segment  4 t e s t , 4 2 . 5 %  of t h e  f l u i d  p a s s e s  t h r o u g h  t h e  
main f r a c t u r e  sys t em w h i l e  t h e  o t h e r  7.5% p a s s e s  t h r o u g h  t h e  s e c o n d a r y  
p a t h .  Because  t h e r e  w i l l  be i n s i g n i f i c a n t  t h e r m a l  drawdown and l o n g  
c o n t a c t  times be tween f l u i d  and r o c k ,  t h e  f l u i d  p a s s i n g  t h r o u g h  t h i s  
s e c o n d a r y  flow p a t h  w i l l  t r u l y  r e f l e c t  t h e  mean r o c k  t e m p e r a t u r e  i n  
t h i s  p a t h .  The q u a r t z  g e o t h e r m o m e t e r ( 5 )  and t h e  Na-K-Ca 
g e o t h e r m o m e t e r ( 6 )  t e m p e r a t u r e s  h a v e  been  c a l c u l a t e d  for t h e  f l u i d  
p roduced  d u r i n g  Segments  4 and 5. Graphs  of t h e s e  t e m p e r a t u r e s  a s  
well  a s  t h e  downhole measured  t e m p e r a t u r e s  a r e  shown i n  F i g .  6. S i n c e  
no  t h e r m a l  drawdown was measured  i n  t h e  Segment 4 t e s t ,  it i s  n o t  
s u r p r i s i n g  t h a t  no d e c l i n e  i n  geothermometer  t e m p e r a t u r e  i s  seen i n  
F i g .  6 a .  There i s ,  however ,  m e a s u r a b l e  d e c l i n e  i n  downhole 
t e m p e r a t u r e  i n  t h e  Segment 5 t e s t .  T h i s  t e m p e r a t u r e  d e c l i n e  i s  
o b s e r v e d  i n  t h e  q u a r t z  geo the rmomete r ;  however ,  no s i m i l a r  d e c l i n e  i s  
s e e n  i n  t h e  Na-K-Ca geo the rmomete r .  Ir, a d d i t i o n ,  t h e  Na-K-Ca 
geo the rmomete r  i s  a f f e c t e d  s i g n i f i c a n t l y  l e s s  d u r i n g  t h e  open- loop  
p o r t i o n  o f  Segment 4 t h a n  i s  t h e  q u a r t z  geo the rmomete r .  This 
i n s e n s i t i v i t y  o f  t h e  Na-K-Ca geothermometer  t o  r e s e r v o i r  t e m p e r a t u r e  
d e c l i n e  and t o  c h a n g e s  i n  i n l e t  f l u i d  c o m p o s i t i o n  d u r i n g  a t e s t  i s  d u e  
t o  t h e  c o n s t a n t  Na/K r a t i o  i n  t h e  p o r e - f l u i d  which i s  d i s p l a c e d  from 
t h e  s e c o n d a r y  flow p a t h .  This Na/K r a t i o  i s  f i x e d  by e q u i l i b r i u m  w i t h  
t h e  f e l d s p a r s  a t  t h e  i n i t i a l  r o c k  t e m p e r a t u r e  ( z lgO°C)  and d i l u t i o n  o f  
t h e  p o r e - f l u i d  w i t h  f r e s h  w a t e r  d o e s  n o t  a f f e c t  t h e  Na/K r a t i o  i n  t h e  
produced  f l u i d .  Because  r e - e q u i l i b r a t i o n  o f  t h i s  geo the rmomete r  i s  
e x t r e m e l y  slow (see, for example ,  ref 7 )  t h e  Na-K-Ca geo the rmomete r  
r e f l e c t s  t h e  i n i t i a l  r o c k  t e m p e r a t u r e  r a t h e r  t h a n  c h a n g e s  i n  t h e  
reservoir  t e m p e r a t u r e  d u e  t o  h e a t  e x t r a c t i o n .  

The q u a r t z  geo the rmomete r ,  on t h e  other  hand ,  is a f f e c t e d  by 
c h a n g e s  i n  t e m p e r a t u r e  i n  t h e  main flow p a t h  as  well a s  c h a n g e s  i n  t h e  
i n l e t  f l u i d  c o m p o s i t i o n .  T h i s  i s  s e e n  i n  t h e  f i r s t  e i g h t  d a y s  of t h e  
Segment 4 t e s t  ( F i g .  6 a )  as  well a s  i n  t h r e e  p e r i o d s  of open- loop  
c i r c u l a t i o n  a t  a b o u t  d a y s  102,  110 and 230 i n  t h e  Segment  5 t e s t  ( F i g .  
6 b ) .  The sudden  change  i n  i n l e t  f l u i d  c o m p o s i t i o n  i n  t h e  Segment 5 
t e s t  exceeded  t h e  a b i l i t y  of t h e  main flow p a t h  t o  d i s s o l v e  q u a r t z  and 
t h u s  r a i s e  t h e  s i l i c a  c o n c e n t r a t i o n  i n  t h e  produced  f l u i d .  
R e - e s t a b l i s h i n g  t h e  c l o s e d - l o o p  mode r e s u l t e d  i n  a r a p i d  r i s e  i n  t h e  
s i l i c a  c o n c e n t r a t i o n  back  t o  t h e  pre-open- loop  l e v e l s .  
of t h i s  r e s p o n s e  and of  t h e  a p p l i c a t i o n  of t h e  q u a r t z  geothermometer  
t o  t h e  HDR sys t em are i n  p r o g r e s s ,  however ,  i n c o m p l e t e  knowledge o f  
t h e  t e m p e r a t u r e  dependence  of t h e  r a t e  of d i s s o l u t i o n  of q u a r t z  h a s  
hampered f u r t h e r  d e v e l o p n e n t  of t h e  a n a l y s i s .  

I n t e r p r e t a t i o n  



CONCLUSIONS 

The resul ts  of t h r e e  major hea t -ex t rac t ion  experiments conducted 
i n  two hot  d r y  rock geothermal r e s e r v o i r s  i n d i c a t e  t h a t  the  f l u i d  
chemistry is l a r g e l y  i n f l u e n c e d  by the  i n t e r s t i t i a l  f l u i d  contained i n  
t h e  r e s e r v o i r  rock. This f l u i d  i s  slowly removed by  t h e  c i r c u l a t i o n  
o f  r e l a t i v e l y  f r e s h  water through the  f r a c t u r e  systems u n t i l  the  l e v e l  
of d i sso lved  s p e c i e s  i s  u l t ima te ly  f ixed by rock-water equi l ibr ium.  
Because t h e  sodium and potassium observed i n  t he  system were 
con t r ibu ted  by t h e  pore-fluid , t h e  Na-K-Ca geothermometer was 
i n s e n s i t i v e  t o  changes i n  t h e  rock temperatures .  The qua r t z  
geothermometer does r e f l e c t  t h e  changes i n  r e s e r v o i r  temperature ,  
however t h e  concent ra t ion  of s i l i c a  i n  s o l u t i o n  m u s t  be adjusted fo r  
t he  e f f e c t  of mixing of small  amounts of s i l i c a - s a t u r a t e d  pore-f luid 
with f l u i d  which has passed through t h e  main flow path.  When the 
pore-fluid con t r ibu t ion  i s  s u b t r a c t e d ,  t h e  r e s u l t i n g  concent ra t ion  of 
s i l i c a  i n  the  produced f l u i d  can be modeled w i t h ' a  k i n e t i c  model t o  
determine t h e  a c t u a l  temperature  of t h e  r e s e r v o i r  rock.  
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Figure 3 Nondimensional concentrations of Na+, K+, C1- and B i n  the 
produced f l u i d  from the Segment 4 t e s t .  
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Figure 4 Schematic of the parallel-path model for the Fenton H i l l  
System. The main reservoir cons i s t s  of the short-residence 
time fracture system while the isothermal or secondary path 
has a long residence time. 
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A s i g n i f i c a n t  p a r t  of  a recent  workshop sponsored by t h e  E l e c t r i c  
Power Research I n s t i t u t e  (EPRI 1978) was devoted t o  t h e  quest ion of t h e  
r i s k s  of geothermal development and t h e  need f o r  a geothermal r e s e r v o i r  
insurance program. In  t h i s  workshop, severa l  viewpoints regarding t h e  
adequacy of  t h e  a v a i l a b l e  measures f o r  reducing f i n a n c i a l  r i s k s  t o  t h e  
developers and u s e r s  of geothermal energywerediscussed.  
of agreement among t h e  au thors  was t h e  ex is tence  of r i s k  i n  geothermal 
development, and t h a t  some method f o r  reducing the  f i n a n c i a l  r i s k s  t o  
t h e  developers and u s e r s  of geothermal energy was necessary f o r  acce l -  
e r a t ed  development of t h i s  resource.  

The main poin t  

Several  schemes were suggested t o  reduce the  f i n a n c i a l  r i s k s  t o  t h e  
u s e r s  of geothermal energy and t h e  f i n a n c i a l  i n s t i t u t i o n s  respons ib le  f o r  
extending loans f o r  geothermal i n d u s t r i a l  p ro j ec t s .  

The suggested schemes included t h e  following (Aidl in  1978; Fa l ick  
1978) : 

0 con t rac tua l  arrangements between t h e  resource company and t h e  
u s e r  t h a t  would p lace  t h e  r i s k  of  r e s e r v o i r  l o s s  on t h e  supp l i e r ,  
o r  apport ions t h e  r i s k  between t h e  supp l i e r  and u s e r  

0 enactment of s t a t e  l e g i s l a t i o n  t h a t  would r equ i r e  regula tory  
agencies  such as t h e  Publ ic  U t i l i t i e s  Commission (PUC) t o  
t reat ,  f o r  tar i f f  base purposes, t h e  first power p l an t  as an 
RED f a c i l i t y  e l i g i b l e  f o r  acce lera ted  deprec ia t ion  

0 cons t ruc t ion  of "turn-key" power p l a n t s  b u i l t  by companies 
w i l l i n g  t o  assume f i n a n c i a l  r i s k  i n  exchange f o r  a guaranteed 
ra te  of r e t u r n  generated through t h e  sale of  e l e c t r i c i t y  t o  
u t i l i t i e s  

0 use  of  t h e  e x i s t i n g  Geothermal Loan Guarantee Program t h a t  
allows a p a r t i c i p a t i n g  u t i l i t y  t o  repay t h e  debt through 
government a s s i s t a n c e  

0 encouragement of p r i v a t e  indus t ry  t o  provide coverage f o r  t h e  
r i s k s  of geothermal development. 

Each of these  suggested methods has i t s  advantages and disadvantages 
and each covers  r i s k s  t o  c e r t a i n  u s e r s  with t h e  poss ib l e  exclusion of 
o the r s ,  r e s u l t i n g  i n  d i f f e r e n t  groups having widely divergent  views on 
t h e  re la t ive a t t r a c t i v e n e s s  and f e a s i b i l i t y  of  one scheme versus another .  
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In addition, each scheme is accompanied by either direct or  indirect 
costs to the potential end user whose views would be represented either 
by public interest groups or  regulatory agencies mandated with protecting 
the public interest, and each is accompanied by a multitude of direct 
and indirect implications which are not totally known at this time. 

In view of the inadequacies of the above schemes and uncertainties 
regarding their effectiveness in providing the necessary incentives for 
an accelerated pace of development, recent legislation (U.S. Congressional 
Record, 1979) directs the Department of Energy to consider initiating a 
government-sponsored insurance program that would supplement the policies 
that may be offered by the private insurance industry. 

In this paper we present some thoughts on a study that would help 

The objectives of this study would be 
in laying the groundwork for drafting regulations for the geothermal 
reservoir insurance program. 

1) to assess the likelihood and the financial consequences of 
premature depletion of reservoirs 

2)  to evaluate the advantages and shortcomings of alternative 
schemes for reducing the financial risks of geothermal 
development 

3 )  to assess the need for government-sponsored reservoir insurance 
programs, and 

4) to delineate the areas and conditions under which a reservoir 
insurance program would be most useful in promoting national 
goals . 

In view of the importance of the government-funded reservoir insur- 
ance program and the complex nature of the problem, four issues must be 
considered in defining the scope and objectives of this study. First, 
the goals and expectations of the government must be specifically defined 
and a procedure be developed to allow for measuring the achievement of 
these goals. Second, the reservoir-related risk should be assessed and 
a framework should be developed for resolution of differences among the 
views expressed by segments of the industry on the likelihood of prema- 
ture reservoir depletion and the financial consequences of such events. 
Third, given the diversity of opinion among interest groups, it is import- 
ant that the viewpoints of various segments of industry and the public be 
sought and incorporated into the study. 
recommending a policy that would be "optimal" from an overall point of view 
yet would involve so many compromises that no group would consider it bene- 
ficial. 

Fourth, the study should avoid 

With these points in mind, we propose the following four steps. 

DEFINING THE GOALS OF THE GEOTHERMAL DEVELOPMENT PROGRAM 

An important first step is defining the specific short-term and long- 
term goals of the geothermal development program. 
(measures) should be defined to serve as proxies for those goals, and 
proper scales should be constructed to measure the level of achievement 
of the objectives of the program. 

A series of attributes 



-376-  

The development of object ives  and the  measure of t h e i r  achievement 
can be accomplished by: 

0 es tab l i sh ing  general object ives  

0 breaking the  general object ives  i n t o  subobjectives 

0 establ ishing measures t o  def ine t h e  leve l  of achievement of t h e  
subobj ec t ives  . 

The most d i r e c t  means f o r  generating object ives  a r e  a carefu l  study of 
pol icy documents and dialogues with decis ion makers who of ten  act on 
t h e i r  perceptions of soc ie ty ' s  needs and the affected p a r t i e s .  

Measures can of ten be s t ructured i n  a meaningful way by use of  a 
hierarchy. 
j e c t i v e  i n t o  lower leve l  measures of more d e t a i l .  
measures are i n  t u r n  subdivided i n t o  more de ta i led  measures u n t i l  a leve l  
of d e t a i l  i s  reached such t h a t  the  lowest leve l  of the hierarchy cons is t s  
of spec i f ic ,  well-defined measures t h a t  can be reasonably quant i f ied.  

A hierarchy provides a means f o r  subdividing a general ob- 
These lower leve l  

Use of a hierarchy ensures t h a t  the  f i n a l  set of measures w i l l  be 
I t  a l s o  assists i n  quantifying t h e  e f f e c t s  comprehensive and complete. 

of  uncertainty i n  lower-level measures on the overa l l  program goals.  

ASSESSING THE RISK OF PREMATURE RESERVOIR DEPLETION 

The object ives  of t h i s  s t e p  a r e  (1) t o  assess  t h e  l ikelihood of pre- 
mature deplet ion of several  reservoi rs  f o r  which adequate information i s  
ava i lab le  (under d i f f e r e n t  production scenarios) ,  and ( 2 )  t o  estimate the  
f inanc ia l  consequences of such f a i l u r e s .  

The c h a r a c t e r i s t i c s  of r e s e r v o i r s  and brine,  and t h e i r  s p a t i a l  and 

Since a power p lan t  o r  other f a c i l i t i e s  using geothermal en- 
temporal var ia t ions ,  have a s i g n i f i c a n t  e f f e c t  on the  r e l i a b i l i t y  of t h e  
resource. 
ergy may become inoperable i f  the pressure and temperature of the  heat 
source and the  flow r a t e  drop below c e r t a i n  leve ls ,  t h e  l ikelihood and 
magnitude of decl ine of these parameters over time and the  v a r i a t i o n  of 
t h e  physical parameters over space should be estimated. 

Important physical parameters, including s t o r a b i l i t y ,  t ransmissivi ty ,  
and the  locat ion of the  producing f rac ture ,  can be estimated by well 
logging and well t e s t s .  

In estimating the  appropriate flow r a t e  (when t h e  f l u i d  i s  re in jec-  
ted) ,  it i s  important t o  estimate the  "breakthrough" time r a t h e r  than the  
ra te  of dec l ine  of temperature a f t e r  breakthrough when the  user  f a c i l i t y  
i s  a power p lan t .  

To estimate var ia t ions  of the  f l u i d  c h a r a c t e r i s t i c s  over time, one 
o r  more of t h e  ava i lab le  dynamic reservoi r  models can be used t o  predict  
reservoi r  behavior as a function of i t s  physical parameters and flow r a t e .  
Once the  model(s) t h a t  best  descr ibes  the  reservoi r  has been selected,  
t h e  probabi l i ty  d i s t r i b u t i o n  over breakthrough time can be estimated. 
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The p r o b a b i l i t y  d i s t r i b u t i o n  over t h e  input  parameters can be assessed (see 
Tversky and Kahneman, 1974, f o r  a t r e a t i s e  on severa l  p robab i l i t y  a s ses s -  
ment procedures),  and f o r  each production scenario,  a combination of  input  
parameters w i l l  g ive  a poin t  on t h e  d i s t r i b u t i o n  of t h e  output parameter. 

Di f fe ren t  f a i l u r e  times have d i f f e r e n t  economic consequences which 
can be computed by standard cos t  accounting methods and can include penal-  
t i es  f o r  l o s s  of  goodwill, etc. 
f a i l u r e  p r o b a b i l i t y  model completes t h e  r i s k  ana lys i s .  

Combining t h e  economic model with t h e  

This  a n a l y s i s  w i l l  se rve  t h r e e  purposes: (1) it provides examples 
of t h e  l e v e l s  of  r i s k  involved i n  geothermal development; (2) it g ives  a 
procedure f o r  r e s e r v o i r  r i s k  assessment t h a t  can be used as a framework 
f o r  r i s k  assignment by t h e  insurance indus t ry  and f i n a n c i a l  community; 
and ( 3 )  i t  can help r e so lve  d i f f e r e n t  viewpoints among segments of  i ndus t ry  
on i s s u e s  r e l a t e d  t o  r e s e r v o i r  r i s k ,  t h e  r e l a t i o n s h i p  between r e s e r v o i r  
f a i l u r e  and production pol icy .  

EVALUATING ALTERNATIVE SCHEMES 

This s t e p  involves  a d e t a i l e d  ana lys i s  of var ious opt ions  ava i l ab le  
t o  developers and u s e r s  of  geothermal energy. 
i s  t o  eva lua te  not  only e x i s t i n g  opt ions,  but a l s o  t h e  f e a s i b i l i t y  of 
a l t e r n a t i v e  measures t o  reduce t h e  r i s k s  of geothermal energy. 

The ob jec t ive  of t h i s  t a s k  

In  add i t ion  t o  evaluat ing programs of fered  by the  insurance indus t ry ,  
t h i s  s t e p  involves  an ana lys i s  of t h e  l imi t a t ions ,  scope, and p o t e n t i a l  
of t h e  Geothermal Loan Guarantee Program. 
t h e  experience of t h e  banking indus t ry  with t h a t  program. 
includes an a n a l y s i s  of t h e  d i f f e rences  between geothermal energy and 
o the r  segments of t h e  ex t r ac t ion  indus t ry  from t h e  viewpoint of t h e  banking 
indus t ry  to .account  f o r  t h e  re luc tance  of bankers t o  extend loans t o  t h e  
developers  of geothermal energy. 
t ance  is  t h e  unce r t a in ty  assoc ia ted  with est imat ions of proven r e se rves  
of geothermal r e s e r v o i r s  (Manderbach, 1978). However, it i s  important 
that this issue be systematically addressed. 

The ana lys i s  w i l l  incorpora te  
This s t e p  a l s o  

One poss ib l e  explanation f o r  t h i s  r e luc -  

I t  has been suggested t h a t  con t r ac t s  between the  developers and u s e r s  
of  geothermal energy be designed i n  such a way t h a t  f i n a n c i a l  r i s k s  on 
t h e  p a r t  of t h e  u s e r s  are reduced (Aidlin,  1978). Since t h i s  scheme s t i l l  
proposes t h a t  a po r t ion  of t h e  r i s k s  be accepted by the  u t i l i t i e s ,  t h e  
d e s i r a b i l i t y  of such a scheme from t h e  viewpoint of t he  u t i l i t y  i ndus t ry  
should be inves t iga ted .  The confidence of t h e  u t i l i t y  indus t ry  i n  t h e  
guarantees  extended by smaller  resource companies should be a l s o  evaluated.  

A series of interviews with regula tory  agencies can help a s c e r t a i n  
t h e  f e a s i b i l i t y  of suggested schemes such as allowing u t i l i t y  companies 
t o  recover p l a n t  c o s t s  through t h e  r a t e  s t r u c t u r e  by acce lera ted  depre- 
c i a t i o n  of power p l an t s .  

ACHIEVING CONSENSUS AND RECOMMENDING GUIDELINES 

The ob jec t ive  of t h i s  s t e p  i s  t o  l a y  t h e  groundwork f o r  d r a f t i n g  
r egu la t ions  by determining the; ex ten t  and mode of government involvement 
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t h a t  would best  achieve nat ional  energy goals. 
program would hinge on i t s  a b i l i t y  t o  r e f l e c t  not only nat ional  energy 
policy,  but a l s o  the  i n t e r e s t s  of the  indus t r ies  t h a t  would be d i r e c t l y  
affected by t h e  reservoi r  insurance program. Moreover, associated i ssues  
such as t h e  necessi ty  of addi t ional  government personnel and the safe- 
guards required f o r  implementation of the  program should be carefu l ly  
assessed, and t h e  advantages and disadvantages of the  program regarding 
incent ives  f o r  p r i v a t e  industry should be evaluated. 

The success of such a 

A wide gap separates  the  viewpoints of in te res ted  p a r t i e s  a t  t h i s  time. 
A n  object ive of t h i s  task  i s  t o  fac i l i t a te  the  exchange of information among 
in te res ted  i n d u s t r i e s  t o  achieve a common understanding regarding t h e  extent  
of government involvement t h a t  would best  achieve nat ional  goals without 
creat ing a huge bureaucracy o r  complex and unenforceable regulat ions.  
achieve these object ives  we suggest the  following procedure: 

To 

1. Dissemination of a document summarizing the  f i n d i n g s  o f  the f i r s t  
th ree  s teps .  Comments by r e c i p i e n t s  of the  document be incor- 
porated i n  a revised version, and t h e  differences of viewpoint 
be outlined. 

2.  A smaller group, including experts i n  government, banking and 
insurance indus t r ies ,  public i n t e r e s t  groups, and developers 
and users  of geothermal energy, be selected f o r  rece ip t  of the  
revised document. 
on t h e  i ssues  discussed i n  the  document, as well as on the 
ex is t ing  gap between the  needed risk-reducing measures and t h e  
ava i lab le  programs be aggregated. 

The viewpoints and judgments of t h i s  group 

The aggregation procedure can r e l y  on one or  several  of the  
following techniques: (1) a d i a l e c t i c  forum f o r  discussion of  
issues ,  (2)  a procedure t h a t  would r e l y  mainly on questionnaires 
such as the Delphi technique (3) the  MAPS Design Technology 
(Multivariate Analysis, Par t ic ipa t ion ,  and Structure) t h a t  c lus-  
t e r s  ideas and i ssues  i n  a form s u i t a b l e  f o r  a s t r a t e g i c  planning 
design, and (4) m u l t i a t t r i b u t e  decis ion analysis  techniques 
(Keeney and Raiffa, 1976), by which t h e  preferences and values 
of t h e  d i f f e r i n g  groups w i l l  be assessed. 

The object ive of t h i s  subtask i s  not t o  achieve a consensus, but 
t o  c l a r i f y  i ssues  and viewpoints and t o  bring the viewpoints of 
t h e  d i f f e r e n t  sec tors  c loser  t o  each other .  
be made, however (through smaller groups i f  necessary), t o  
achieve a consensus among t h e  representat ives  of the  same industry.  

An attempt should 

3 .  In t h i s  s tep,  a smaller group would be invi ted t o  a panel d i s -  
cussion t o  resolve the  differences i n  viewpoints, i f  any, and 
t o  a r r i v e  a t  a consensus on t h e  gaps between the  needed programs 
and ex is t ing  a l t e r n a t i v e s ,  and the  most f r u i t f u l  means of govern- 
ment involvement f o r  bridging t h i s  gap. 

The end r e s u l t  of t h i s  task  w i l l  be a s e r i e s  of recommendations t o  
t h e  DOE t h a t  would serve as t h e  framework f o r  t h e  geothermal reservoi r  
insurance program. 
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MODELING THE RISKS OF GEOTHERMAL DEVELOPMENT 

K. Golabi, K. Nair, S. Rothstein, F. Sioshansi 
Woodward-Clyde Consultants 

San Francisco 

INTRODUCTION 

Geothermal energy has emerged as a promising energy source in recent 
years and has received serious attention from developers and potential 
users. Despite the advantages of this resource, such as potential cost 
competitiveness, reliability, public acceptance, etc., the commercial 
development and use of geothermal energy has been slow. Impediments to 
the development of this resource include technical, financial, environ- 
mental and regulatory uncertainties. 
in that the generation facility is tied to a single fuel at a single site, 
these uncertainties are of particular concern to utility companies. 

Since geothermal power is unique 

The areas of uncertainty and potential risks are well known (see 
for example EPRI  1978, and Woodward-Clyde Consultants 1980). This paper 
presents a method for quantifying the relevant uncertainties and a frame- 
work for aggregating the risks through the use of submodels. 
submodels can be combined with subjective probabilities (when sufficient 
data is not available) to yield a probability distribution over a single 
criterion (levelized busbar cost) that can be used to compare the desir- 
ability of geothermal power development with respect to other alterna- 
tives. 

The objective 

THE COMPONENTS OF COST 

Figure 1 summarizes the components of busbar cost. The components 
of capital and operating costs are self-explanatory. 
ciated with plant shutdowns are those which only occur if the plant becomes 
essentially l'inoperable'l, for whatever reasons, prior to its design life. 
These consist of the opportunity cost of unavailability of power, the 
"write-off costs" for the plant, and the cost of any additional losses. 

The costs asso- 

THE RISK MODEL 

The uncertainties can be divided into two broad categories. The 
first category affects capital and OEM costs of an operating plant as 
well as the project schedule. 
a low probability of occurrence but can result in the plant becoming 
inoperable, thus significantly impacting costs. Among events in the 
second category are damage from a major earthquake, marked changes in 
existing regulations, and major plant or reservoir-induced environmental 
impacts. 

The second category of uncertainties has 

Figure 2 illustrates how different kinds of uncertainties can be 
integrated into an aggregated risk model. 
submodels that relate the endogenous and exogenous uncertainties to major 

The model consists of  various 
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major cost components, including the plant shut-down costs. The sub- 
models may be objective (when adequate information and quantitative 
relationships are available), or subjective (when adequate information 
is not available, o r  when the existing information is interpreted dif- 
ferently by different experts). 
is integrated to yield the effect of several sources of uncertainty on 
a major cost component. 

The output of the various submodels 

The cost aggregation and accounting model is the focal point of the 
It functions both as a means for integrating the various probab- model. 

ilistic cost components, and to account for financial and economic uncer- 
tainties that affect these costs. 
porates the uncertainties associated with the contractual arrangement 
between the utility and the resource company. 
in more detail in a recent study (Woodward-Clyde 1980). 

The last step of the analysis incor- 

The submodels are described 

The advantages of this aggregated approach include the following: 

0 endogenous and exogenous uncertainties are explicitly addressed, 

0 the model provides useful intermediate as well as final inform- 
ation for decision making, 

0 the output is in the form of probability distributions, 

0 the effect of changes in assumptions on the model output can be 
easily evaluated, and 

0 the effects of uncertainty from many diverse sources are aggre- 
gated in a unified model. 
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