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ABST3ACT 

Previalls  r e s e r v o i r  e n c h e e r i n g  s t u d i e s  of vapor-dominated 

geothe=.rr.sl r e s e r v o i r s  have g e n e r a l l y  been analogous t o  conventional-  

aodel s t u d i e s  f o r  n a t u r a l  gas r e s e r v o i r s .  One incons i s t ency  i n  t h e  

e x i s t i n g  work has been a discrepancy between t h e  es t imated q u a n t i t y  

of s t ean- ic- place  and t h e  g e o l o g i c a l  c o n s t r a i n t s  on t h e  estimated 

r e s e r v o i r  Sulk volume. 

I n  t h i s  wark, t h e  concept t h a t  cons ide rab le  adsorbed water  nay 

e x i s t  i n  a vapor-dominated zone is exami:ied i n  dlitai.1. Experimental 

and t h e o r e t i c a l  evidence of adsorF t ion  phenomena is  descr ibed.  Then, 

t h e  i m p l i c a t i o n s  of  adsorp t ion  on material balance  c a l c u l a t i o n s  and 

on vel1 t ~ s  t a n s l y s i s  are  determined by i n c o r p o r a t i n g  adsorption 

e f f e c t s  i n t o  e x i s t i n g  models. 

The r e s u l t i n g  new methods of a n a l y s i s  provide a more r e d i s t i c  

e s t i n a t e  of t h e  n a t u r e  and e x t e n t  of  t h e  vapor-dominated zone. I n  

y s r t i c u l a r ,  t h e  new nethods r e s u l t  i n  a cons ide rab le  reduc t ion  i n  t h e  

es t i m s  te3 formation t h i c k n e s s  an2 suggest  t h t  t h e  f r s c t i l r e  p a r o s i t y  

h a s  been underest ima t e d  us ing  convent ional  models f o r  a n a t u r a i l y  

f r a c t u r e d  r e s e r v o i r .  

I n  a d d i t i o n ,  t h e  presence of noncondensable gas i n  the 

g e o t h e r n a l  f l u i d  has a profound e f f e c t  on t h e  thermodynaaics 

a s s o c i a t e d  wi th  vapor- l iquid  e i u i l i h r i u n  and adsorpt ion.  

Noncsndensab?-e gases can cause t ho  dew p o i n t  p r e s s u r e  of a 

noncondensable gas-water mixture t o  be e leva ted  as much as 80 p s i ,  o r  

mare above t h e  vapor  p r e s s u r e  f a r  pure water  a t  t h e  r e s e r v o i r  
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t e a p e r s t u r e  depending on t h e  composition of t h e  mixture. Hence, t h e  

presence  o f  gas i n  t h e  geothermal stearc extends  t h e  p re s su re  range 

where vapor adeorp t ion  phenomena are i n  effect .  Xoni tor ing  of  gas 

product ion  i n  t h e  produced geothermal f l u i d s  provides  a d d i t i o n a l  data 

u s e f u l  i n  e v a l u a t i n g  adso rp t ion  e f fec ts  i n  t h e  formation.  

The importance of  t h e  a d s o r p t i o n  phenomenon i n  r e se rve  

e s t i m a t i o n  i s  of a cons ide rab le  magnitude. This  work shows t h a t  a 

r e s e r v e  estimate based on geologic  evidence and t h e  thermodynamic 

p r o p e r t i e s  o f  steam could be as much as an o r d e r  of magnitude lower 

than  t h e  a c t u a l  mass of  water present .  
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SECTION ONE 

INTRODUCTION 

Vapor-dominated g e o t h e m a l  r e s e r v o i r s  occur  when t h e  f l u i d  

p r e s s u r e  i n  t h e  producing zone is  a t  o r  below the s a t u r a t i o n  p ressure  

corresponding t o  t h e  r e s e r v o i r  temperature.  Only a few geothermal 

f i e l d s  i n  t h e  world s a t i s f y  t h i s  c r i t e r i o n .  These inc lude  The 

Geysers F i e l d  in nor the rn  C a l i f o r n i a  and t h e  LarderelZo-Travale 

reg ion  in c e n t r a l  I t a l y .  Although they  are few i n  number, t h e  vapor- 

dominated g e o t h e r n a l  r e s e r v o i r s  o f f e r  t h e  most r e a d i l y  used form of 

geothermal f l u i d ,  namely h igh  en tha lpy  steam used t o  power t u r b i n e s  

f o r  t h e  genera t ion  of e l e c t r i c i t y .  

Studi;s of  r e s e r v o i r  and product ion behavior of  vapor-dominated 

geothermal system have focused on estiaates of resource  s i z e ,  

r e s e r v o i r  l o n g e v i t y  and resource  management. Whiting and Ramey 

(1969) p resen ted  an a p p l i c a t i o n  of m a t e r i a l  and energy balances  t o  

geothermal steam production.  An important  major work, e a r l y  i n  t h e  

h i s ~ o r y  Jf geotherinal eng ineer ing ,  xas an e v a l u a t i o n  of t h e  vapor- 

dominated Geysers F i e l d  by Ramey ( 1  968). ’ Applying convent ional  

t echn iques  f o r  n a t u r a l  gas r e s e r v o i r s ,  h e  a t tempted t o  estimate t h e  

r e s e r v e s  of steam- in-place. By a l s o  examining t h e  n e t  rate of  hee t  

l o s s ,  he  concluded t h a t  t h e  system was a c l o s e d ,  d e p l e t a b l e  

resourc9.  Thus, t h e  s t a g e  was set f o r  f u r t h e r  r e s e r v o i r  engineer ing 

resea rch .  

b’hile t h e  n a t u r a l  gas  analogy t o  geotbernial steam r e s e r v o i r s  

became an a c c e p t a b l e  method of i n t e r p r e t a t i o n ,  t h e  phenomenon of 
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"vapor p re s su re  lowering" added a new dimension. Cady (1969), 

B i l h a r t z  ( l m ) ,  St robe1  (1973) and Chicoine (1975) attempted t o  

determice the ninimum p re s su re  a t  which l i q u i d  water  was presen t  i n  

the  porous medium. The f i r s t  two reached t h e  conc lus ion  t h a t  vepor 

p rps su re  lowering was not  s i g n i f i c a n t  i n  unconsolydated s i l i c a  sands,  

while  t h e  l a s t  two observed vapor p re s su re  lowering i n  consol ida ted  

s a t d s t o n e s .  The s i g n i f i c a n c e  of t h e i r  work i s  t h a t  f o r  a given 

temperature  l i q u i d  water would e x i s t  i n  vapor-dominated geothermal 

r e s e r v o i r s  a t  p r e s su re s  below t h e  s a t u r a t i o n  p re s su re  of pure water. 

Hsieh (1980, 1983), i n  a p s r t i c u l s r l y  o r i g i n a l  work t h a t  formed 

t h e  b a s i s  f o r  t h i s  work, designed an  appa ra tu s  t h a t  allowed 

experiments  t o  measure t h e  adso rp t ion  phenoroenon f o r  water vapor a t  

t h e  h igh  tempera tures  found i n  g e o t h e m a l  r e s e r v o i r s .  He q u a n t i f i e d  

t h e  amount o f  adsorbed water  i n  both unconsolidaLed and consol ida ted  

sands tones  and f o m d  adso rp t ion  t o  be s i g n i f i c a n t .  

Ks ieh ' s  work has  shown t h a t  t h e  adso rp t ion  phenomenon e x i s t s  a t  

a11 pres su re s  below t h e  s a t u r a t i o n  p re s su re  and, hence, l i q u i d  and 

vapor c o e x i s t  even a t  very  low p re s su re s .  Hence, t h e  term "vapor 

p re s su re  lowering" is  a misnomer. 

A s  a consequence of t h e  prev ious  s t u d i e s ,  i t  would appear  t h a t  

t h e  t rea tment  of  a vapor-dominated geothermal system as one f i l l e d  

on ly  by gas would g r e a t l y  underest imate  t h e  a b i l i t y  of the  r e s e r v o i r  

rock t o  hold f l u i d .  The presence of  l a r g e  qua :n t i t i es  of adsorbed 

water must  be taken i n t o  account i n  geo the rna l  r e s e r v o i r  eva lua t ion .  

The purpose o f  t h i s  work is t o  i nco rpo ra t e  t h e  e f f e c t s  of t h e  

adso rp t ion  phenomenon i n t o  t h e  conceptual  models approp r i a t e  f o r  
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material  balance  and  well t e s t  a n a l y s i s  c a l c u l a t i o n s  f o r  vapor- 

dominated g e o t h e r m l  r e s e r v o i r s .  

S ince  vapor-6o:ninated systems are rare, s t u d i e s  t o  e v a l u a t e  them 

have been focused t a k i n g  i n t o  account t h e i r  p a r t i c u l a r  geometries and 

f l u i d  c o q o s i t i o n s .  This  work extends  previous  i n v e s t i g a t i o c s  and 

p rov ides  new i n t e r p r e t a t i o n s  which appear  t o  be more c o n s i s t e n t  with 

knowr, in fo rmat ion  about t h e  r e s e r v o i r  physics  than previous  s t u d i e s .  

The p o s t u l a t e  t h a t  adsorbed water may be d i s t r i b u t e d  throughout 

vapor-dominated r e s e r v o i r s  provided t h e  b a s i s  f o r  t h e  methods 

developed h e r e  for material balance  and t r a n s i e n t  p r e s s u r e  well test 

ana lyses .  These models o f fe r  an a l t e r n a t i v e  t o  t h e  concept of an 

under ly ing  b o i l i n g  zone as t h e  source  o f  t h e  f l u i d  being produced. 

I n  a subsequent s e c t i o n  of t h i s  r e p o r t  adsorp t ion  phenomena of 

water and steam a r e  d iscussed.  Then, thermodynamic theory p e r t a i n i n g  

t o  noncondensable gas-water mixtures  i s  developed and reviewed. 

A new material balance  equat ion is  developed cons ide r ing  

a d s o r p t i o n  and t h e  presence o f  noncondensable gases.  Then, t h e  

Warren a3d Root (1963) model f o r  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 s  i s  

extended t o  i n c o r p o r a t e  a d s o r p t i o n  e f f e c t s  and provlde  a new method 

f o r  i n t e r p r e t i n g  geothermal w e l l  tests. F i n a l l y ,  a numerical  model 

is  developed t o  t e s t  t h e  v a l i d i t y  of t h e  assumptions made i n  t h e  

d e r i v a t i o n  o f  t h e  a n a l y t i c a l  model based on Warren and Root (1963) 

theory.  

There is a l i m i t a t i o n  a s s o c i a t e d  with t h i s  -aork. Hsieh 's  (1983) 

experiments were done us ing  unconsolidfited and conso l ida ted  sandstone 

cores .  Hence, t h e  evalua t ion  of  t h e  e f f e c t s  of t h e  adsorp t ion  
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phenonenon f o r  p a r t i c u l a r  r e s e r v o i r s  would r e q u i r e  exper imenta l  

resul ts  der ived from cores  from those  r e s e r v o i r s .  Experimental work 

must be done t o  determine t h e  a c t u a l  magnitude of t h e  adsorp t ion  

phenomenon i n  each i n d i v i d u a l  case.  This  is n o t  a major l i n i i t a t i o n  

cons ide r ing  t h a t  t h e  adsorbed f l u i d ,  as i t  w i l l  be shown l a te r ,  may 

be t h e  maj3r source  of product ion i n  vapor-dominated systems. 

There a r e  two obvious ex tens ions  t o  Hsieli's (1980) and t h i s  

work: [I) exper imenta l  de te rmina t ion  o f  t h e  adsorp t ion  phenomenon 

u s i n g  a c t u a l  r e s e r v o i r  c o r e s  from vapor-doninated geothermal 

r e s e r v o i r s ,  and (2 )  t h e  i n v e s t i g a t i o n  of t h e  magnitude of  t h e  

a d s o r p t i o n  phenomenon i n  hydrocarbon systems. Hsieh found t h a t  a t  

room tempera tu res ,  methane a d s o r p t i o n  accounted f o r  6 2e rcen t  of t h e  

q u a n t i t y  of gas i n  t h e  pore space ,  w3ile i n  t h e  case of e thane,  t h e  

adsorbed gas amounted t o  25 pe rcen t  of  t h e  t o t a l .  Experimental work 

is  needed t o  demonstrate t h e  magnitude of t h e  adsorbed hydrocarbon 

gases  a t  temperatures  and p r e s s u r e s  commonly found i n  gas r e s e r v o i r s .  

If t i e  importance of a d s o r p t i o n  found i n  t h e  case of steam were 

proven also f o r  hydrocarbon systems,  a d s o r p t i o n  would become an  

important  parameter i n  t h e  e v a l u a t i o n  of a newly found r e s e r v o i r .  

The next  s e c t i o n  w i l l  review t h e  e x i s t i n g  l i t e r a t u r e  d e a l i n g  

wi th  t h e  e v a l u a t i o n  of vapor-dominated geothermal systems, t h e  

h p l i c a t i o n s  of t h e  s p e c i a l  format ion c h a r a c t e r i s t i c s ,  f l u i d  

d i s t r i b u t i o n  and f l u i d  composition. 
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SECTION TWO 

LITERATURE REVIEW 

An a c c e l e r a t e d  i n t e r e s t  i n  geotherznal energy as an a l t e r n a t i v e  

energy source  brought about d e t a i l e d  s t u d i e s  of  t h e  r e s e r v o i r  

physics .  Kany of t h e  ensuing developments a p p l i e d  c l a s s i c a l  

r e s e r v o i r  eng ineer ing  models. The work of Whit:ing and Ramey (1969) 

provided t h e  framework f o r  t h e  material balanc:e a n a l y s i s  i n  t h i s  

work. An a p p l i c a t i o n  o f  t h i s  ae thod i n c o r p o r a t i n g  adsorp t ion  

phenomena will be presented i n  Sec t ion  Five.  

I n  order t o  i n v e s t i g a t e  t h e  e f f e c t s  of adsorp t ion  on t h e  flow 

behavior  i n  t h e  r e s e r v o i r ,  it was necessa ry  t o  choose conceptual  

models which would r e p r e s e n t  t y p i c a l  format ion c h a r a c t e r i s t i c s .  

An important  element of vapor-dominated geothermal fcrmations is 

t h a t  t h e  rock has  very  low permeabi l i ty .  Hence, t h i s  l e d  

i n v e s t i g a t o r s  t o  focus  on t h e  flow c h s r a c t e r i s t i c s  of f r a z t u r e d  

systems. The model by Warren and Root (1963) for n a t u r a l l y  f r a c t u r e d  

petroleum r e s e r v o i r s  was seen  a s  a;1 obvious b a s i s  f o r  gectherxi?. 

r e s e r v o i r  eva lua t ion .  The Warren and Boot model assumes t h a t  t h e  

f o r n a t i o n  c o n s i s t s  of  primary and secondary poros i ty .  Flow i n  t h e  

f s rmat ion  occurs  p r i m a r i l y  through f r a c t u r e s ,  b u t  t h e  bulk of t h e  

f l u i d  is  s t o r e d  w i t h i n  t h e  i n t e r g r a n u l a r  mat r ix  t h a t  makes up t h e  

primary p o r o s i t y  . 
Mavor and Cinco (1979) extended t h e  Warren and Root (1963) 

a n a l y s i s  t o  i n c l u d e  wel lbore  s t o r a g e  and dimage and cons tan t  

producing p a s s u r e .  
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Considerable  s tudy  was a l s o  devoted t o  t h e  t r a n s i e n t  p ressure  

behavior  of  geo therna l  w e l l s  which p e n e t r a t e  a n a t u r a l  f r a c t u r e .  The 

w e l l  t e s t  ze thods  developed were in tended t o  a i d  i n  t h e  eva lua t ion  of 

r e s e r v o i r  c h a r a c t e r i s t i c s  below t h e  completion zone. This  der ived 

from t h e  fac t  t 'ns t  high fo rmat ioc  temperatures  can pose cons ide ra5 le  

hazards  and t e c h n i c a l  problems r e l a t i n g  t o  d i r i l l i n g  through t h e  

e n t i r e  pay th ickness .  Ramey and Gringar ten  (19'75) app l ied  v e r t i c a l  

f r a c t u r e  a n s l y s i s  t o  geothermal steam w e l l  behavior  and analyzed w e l l  

d a t a  from The Geysers F ie ld .  

However, convent ional  material balance  and well t e s t i n g  

techniques ,  when zpp l ied  t o  vapor-dominated geothermal systems,  

r e s u l t  i n  u n r e a l i s t i c a l l y  l a r g e  estimates of the  r e s e r v o i r  poros i ty-  

t h i c k n e s s  product .  A p l a u s i b l e  geo therna l  r e s e r v o i r  model i s  t h e  

p n r a l i e l e p i p e d  model. Cinco e t  a l .  (1979) u s i n g  source  and Green's 

f u n c t i o n s  i n  a f a s h i o n  f irst  in t roduced by Gringar ten  and Ramey 

(197'3), descr ibed a vapor-dominated g e o t h e m a l  r e s e r v o i r  enclosed by 

f o u r  v e r t i c a l  impermeable boundar ies ,  an impeirmeable caprock and 

under ly ing  b o i l i n g  water.  A b o i l i n g  m t e r  zone below t h e  vapor- 

dominated cone provides  s t o r a g e  f o r  a l a r g e  mass of geo therna l  f l u i d  

a v a i l a b l e  t o  producing wel ls .  ?he p a r a l l e l e p i p e d  model a l s o  o f f e r s  

an exp lana t ion  of an  e s s e n t i a l l y  cons tan t  f lowing p ressure  i n  some 

geothermal well t e s t s .  The model was app l ied  by S a r e l l i  e t  a l .  

(1978) t o  t h e  Travale  r e s e r v o i r  and by Economides e t  a l .  (1982) t o  

The Geysers, r e s u l t i n g  i n  t h e  c a l c u l a t i o n  of t h e  vapor zone th ickness  

and t h e  t h r e e  cosponents o f  the  pe rmeab i l i ty  t e n s o r .  
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m , r a n s i e n t  changes i n  t h e  gas composition of  produced steam 

c o n s t i t u t e s  a n o t h e r  a r e a  of i n t e r e s t  i n  s e v e r a l  r e c e n t  s t u d i e s .  

Noncondensable gases  c o n s i s t i n g  l a r g e l y  o f  carbon dioxide  and 

hydrogen s u l f i d e  are common. Zyvolosky and 0' S u l l i v a n  (1980) modeled 

the  t r a n s p o r t  of carbon d iox ide  i n  a two-phase geothermal system. 

They concluded t h a t  moni tor ing of  t h e  gas con ten t ,  e s p e c i a l l y  i n  t h e  

e a r l y  product ion h i s t o r y ,  i s  requ i red  f o r  c o r r e c t  i n t e r p r e t a t i o n  of  

p r e s s u r e  t r a n s i e n t s  i n  geothermal f i e l d s  wi th  large gas con ten t s .  

Su t ton  (1976) developed pressure- temperature  c u i ~ e s  f o r  a two-phase 

system of  water and carbon dioxide .  These curves  were used as i n p u t  

f o r  a numerical  model by Zyvolosky and O'SQllivan (1980). Also us ing 

t h e  pressure- ter ipera ture  curves  o f  Su t ton ,  Atkinson e t  al .  (1978) 

a t tempted t o  i n t e r p r e t  wi th  thermodynaicics, t h e  extremely hfgh gas 

c o n t e n t  ( p r i m a r i l y  CO,) of  t h e  Bagnore f i e l d  i n  I t a l y .  F i n a l l y ,  

Grant (1979) developed a p r a c t i c a l  scheme t o  estimate t h e  water 

con ten t  i n  a two-phase r e s e r v o i r  u s i n g  t h e  composition o f  t h e  

p roduc t ion  f l u i d .  An e x t e n s i v e  a n a l y s i s  and a c r i t i q u e  of t h e s e  

r e s u l t s  appears  i n  S e c t i o n  Four. 

Herke l ra th  e t  a l .  (1983) modelled p r e s s u r e  t r a n s i e n t  behavior i n  

vapor-dominated geothermal systems. They found exper imenta l ly  t h a t  

" t h e  time requ i red  f o r  steam-pressure t r a n s i e n t s  t o  propagate through 

a core"..."was 10 t o  25 t imes  l o n g e r  than p r e d i c t e d  by convent ional  

superhsated- steam- flow theory" .  They hypothesized t h a t  t h e  

phenomenon was caused by adsorp t ion  of steam i n  Ithe porous medium and 

measured t h e  e x t e n t  of t h e  adsorp t ion  phenomenon. A s i n k  term was 

inc luded  i n  t h e  conse rva t ion  of  Eass equat ion,  which was solved 
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n u a e r i c a l l y .  Their  so lu t io r !  was i n  e x c e l l e n t  agreement with t 'neir 

exper imenta l  r e s u l t s .  

The fol lowing s e c t i o n  w i l l  deal with the  adsorp t ion  phenomenon, 

i t s  r a m i f i c a t i o n s  i n  a vapor-dominated geothermal r e s e r v o i r  and i t s  

r e l a t i v e  magnitude when compared with the steam presen t .  
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SSCTION THREE 

APSORPTIOX IN VAPOR-DOXINATED GE0TIIERMP.L FORMATI0;:S 

Evidence i n  t h e  l i t e r a t u r e  (Derjeguin,  1966) sugges t s  t h a t  gases  

i n  a pomus  mediuffi a re  adsorbed on t h e  g r a i n  s u r f s c e s .  Water vapor 

i n  t h e  presence  o f  c e r t a i n  r e s e r v o i r  racks  forms an  adsorbed l i q u i d  

l a y e r  i n  an  o the rwise  vapor-dominated system. T h i s  i n d i c a t e s  t h a t  

c u r r e n t  eng inee r ing  methods f o r  t h e  e v a l u a t i o n  of vapor-dominated 

geothermal r e s e r v o i r s  should be r ev i sed  t o  inc lude  sdso rp t ion .  

To exp lo re  t h i s  matter, a b r i e f  review is made i n  this s e c t i o n  

o f  adso=.ption phenomena. Experimental and f i e l d  d a t a  t hen  are 

examined tr, ev ince  t h e  e x i s t e n c e  of t h i s  phenomenon i n  geothermal 

r e s e r v o i r s .  F i n a l l y ,  t h e  amount o f  t h e  adsorbed water and i ts 

magnitude r e l a t i v e  t o  geothermal steam are examined. 

3.1 The Adsorpt ion Phenomenon 

Evidence of  water adso rp t ion  on a s o l i d - l i q u i d  i n t e r f a c e  was 

preser?ted by Henniker (1949). H e  repor ted  t h a t  t h e  depth of  the  

s u r f a c e  zone, due t o  water adso rp t ion ,  csx extend f o r  A Yiicknees of 

several thousand Angstrom u n i t s  depending on t h e  l i q u i d- s o l i d  

combination. I n  p a r t i c u l a r ,  f o r  water and s i l i c a ,  t h e  water 

molecules are o r i e n t e d  f o r  a th i ckness  of  45 A , but  f o r  water and 

g l a s s ,  t h e  t h i c k n e s s  is 5300 A For purposes o f  compsrison, 

0 

0 

typic81 pore d iameters  i n  a sands tone  range from less than  3,090 t o  
0 

as h igh  as 40,009 A (Henniker,  1949). 

Yenniker also r epor t ed  t h a t  t h e  adsorbed water appeared to have 

a molecular  o r i e n t a t i o n  approaching t h a t  of a crysta l .  Horne e t  a l .  

9 



(1968) reporte:! t h a t  even i n  a bulk stream, water  molecules a r e  

s t r u c t u r e d  i n  c l u s t e r s  which are r e l a t i v e l y  s t a b l e  with r e s p e c t  t o  

temperature .  The presence of s i l i c a  i n  t y p i c a l  formation rocks ,  

coupled with cons ide rab le  s u r f a c e  area, sugges t s  cond i t ions  l e a d i n g  

t o  water adsorp t ion .  

Adsorption phenomena are no t  l i m i t e d  t o  water. Although 

nonpoiar  l i q u i d s ,  i n c l u d i n g  most o i l s ,  are l a r g e l y  unaffected by 

a d s o r p t i o n  (Der jaguin ,  1966), t h e r e  is  cons ide rab le  evidence t h a t  

g a s e s ,  i n c l u d i n g  hydrocarbon gases ,  and water vapor are s u b j e c t  t o  

a d s o r p t i o n  e f f e c t s  i n  porous media. 

Brunauer,  Ehmett and Teller (1938) developed a device  which is  

widely c a l l e d  t h e  BET c e l l .  It is used t o  measure t h e  amount of 

a d s o r p t i o n  t h a t  occurs  f o r  a gas on a s o l i d  material. The molecular  

s t r u c t i l r e  o f  t h e  adsorbed gas  was n o t  known, b u t  t h e  a u t h o r s  

desc r ibed  t h e  s t r u c t u r e  i n  much t h e  same way t h a t  o t h e r  i n v e s t i g a t o r s  

desc r ibed  t h e  s u r f a c e  o r i e n t a t i o n  of  adsorbed l i q u i d  molecules. 

F u r t h e r  evidence is  t h e  fac t  t h a t  p o r o s i t y  measurements, us ing  

Boyle 's  law techn iques ,  va ry  depending on t h e  gas used. Because 

helium i s  an i n e r t  gas , such measurenents a r e  considered most 

a c c u r a t e  when helium is used. 

The work t h a t  was an i n s p i r a t i o n  f o r  t h e  resea rch  repor ted  h e r e  

was done by Hsieh (1930). He designed an appara tus  f o r  experiments 

similar t o  those  done with t h e  BET c e l l ,  but a t  t h e  h igh tem2eratures  

requ i red  f o r  a s t u d y  of water-vapor a d s o r p t i o n  phenomenon. Hsieh 's  

r e s u l t s  were presen ted  as 8 series of adsorp t ion /desorp t ion  i s o t h e r m  

such as t h e  one shown i n  Fig .  3-1. The a d s o r p t i o n ,  X, is expressed 
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i n  rr.icromaics adsorbed pe r  gram cf rock es 3. f u n e t i o n  of t h e  r e l o t i v e  

pressure r a t i o  p/p*, whcre ?*. is  the  vapor pressure. The data were 

approx i imte ly  linear for e x p r i c e n t s  invo lv ing  both unconsolidated 

sand and conso l ida ted  sandstones  f o r  temperatures  ranging from 103 t o  

193OC. I n  cases, t he  d a t a  fornied lines converging a t  t h e  o r i g i n  

di :>clos ing t h a t  t h e  mass o f  wster. aEsorbed was n e a r l y  p r o p o r t i o n a l  t o  

t h e  r e l a t i v e  p ressure .  Thus, t h e  fo l lowing equat ion can be applied as 

a c l o s e  npproxinet ion:  

x = CF/?+ (3-1) 

i n  iihich u i s  R cons tan t .  

For unconsol idated sar.ds, s l o p e  0 increases with  temperzture 

G from 5 0 ~ 1 0 - ~  moles/g of  rock a t  100°C t o  7 1 ~ i O ' ~  n?oles/g a t  19COC. 

graph of a 8s  a f u n c t i s n  of  tempsrstr lre is given i n  Fig. 3-2. 

For conso l ida ted  sandstones ,  Hsieh found s l o p e  cr t o  be 

independent o f  temperatare .  For  t h e  Berea sandstone he s tudfed ,  t!ie 

v a l u e  of 0 was equal  t o  ~ O O X ~ O - ~  moles/g of  rock. 

He i n t e r p e t e d  t h i s  d i f f e r e n c e  i n  adsorp t ion  behavior  as an 

i c d i c s t i o l l  t h a t  t h e  predoxinant  nezhanism f o r  adsorp t ion  in 

c o n s o l i d a t e 3  sanc?~ t w e  i3 nic royore  Edoorpt ion,  whi le  i n  sends ,  it ie 

p r i m a r i l y  Sue t o  s u r f a c e  ar%orpL' cron. 

% s i ~ h  (i930) i n i t i a l l y  was a t t empt ing  t o  dexons t ra te  the 

phenomemn of "vapor p r e s s u r e  lowering". H i s  work was preceded by 

12 



70 

x 

o"s8 L 

m 
64 

5€ 

5 L  

52 

5c 
I 10 120 140 160 180 200 220 240 

TEMPERATURE ( "C)  

Figure 3-2 Adsorption Slope for Unconsolidated Cores (After Hsieh, 1980) 

13 



Cndy (1363). 3 i l h s r t z  (1971),  S t r o b e l  (1373) and Chicoine (1975). 

Figure  3-3 shows sone r e s u l t s  of S t r o b e l  (1973). Both Cady (1969) 

and b i l h s r t z  (1971) concluded t h a t  t h e  phenonenon was i n s i g n i f i c a n t  

with unconsol ida ted  sands,  bu t  t h a t  t h e r e  was marked change i n  t h e  

vapor  p re s su re  i n  consol ida ted  rocks. 

I n  t h e  p r e s e n t  s tudy ,  however, t h e  tern vapor p re s su re  refers t o  

t h e  s a t u r a t i o n  p re s su re  of pure water. This  d e f i n i t i o n  is necessary 

i n  o r d e r  t o  model  t h e  effects of noncondenssble gases. Adsorbed 

water is d i s t i ngu i shed  from saturated l i q u i d  water. The term "vapor 

pressure"  g e n e r a l l y  is def ined  as t h a t  p r e s su re  a t  which l i q u i d  and 

vapo? o f  a pure subs tance  c o e x i s t  i n  equ i l i b r ium a t  a g iven  

temperature .  The adso rp t ion  phenonenon, though, sugges t s  t h a t  l i q u i d  

and vapor c o e x i s t  a t  all pres su re s  below t h e  s a t u r a t i o n  p re s su re  f o r  

a given temperature .  

Hence, t h e  vapor p re s su re  i n  a porous medium as used i n  th i s  

work is  de f ined  as t h e  minimum p re s su re  a t  which only l i q u i d  water 

e x i s t s .  This  p r e s su re  i s  t h e  s a t u r a t i o n  p re s su re  o f  t h e  bulk f l u i d .  

I n  a more r e c e n t  s tudy ,  Herke l ra th  and Moench (1983) measured 

t h e  l i q u i d  water s a t u r a t i o n  i n  an unconsol ida ted ,  :natural s o i l  sample 

a s  a f u n c t i o n  of t h e  vapor pressure .  Again, approximately l i n e a r  

behavior  was observed. The r e s u l t s  of all t h e s e  s t u d i e s  s t r o n g l y  

sugges t  t h a t  adso rp t ion  of  l i q u i d  water i s  present; i n  n a t u r a l  vepor- 

doniinated geothermal r e s e r v o i r s .  

Although l i t t l e  work, i f  any, has  bsen done on t h e  adso rp t ion  

e f f e c t s  of steam contaminated wi th  noncondensable gases ,  Horne e t  a l .  

( i g68 )  observed t h a t  adsorbed water, a t  p r e s su re s  exceeding t h e  

14 



475 

450 

425 

400 

375 

350 

325 

T,OF 

Figure 3-3 "Vapor Pressure Lowering" i n  a Sandstone Core. 

(After St,robel,l973) 

15 



sn tura t ic ;n  p re s su re ,  tended t o  exclude e l e c t r o l y t e s  from s o l u t i o n .  

Hence, normsl ly  s o l u b l e  gases  a r e  assumed h e r e  t o  be l a r g e l y  

i n s o l u h l e  i n  t h e  adsorbed l i q u i d  phase. This  p o i n t  is discussed 

f u r t h e r  ic S e c t i o n s  Four and Five. 

3.2 F i e l d  and Experimental Evidence Support ing t h e  Exis tence of 

Liquid i n  a Vapor-Dominated Geothermal Reservoi r  

Evidence of l i q u i d  water p re sen t  i n  a vapor-dominated r e s e r v o i r  

has been suppl ied  by o t h e r  sources .  Denl inger  (1979), us ing  d e t a i l e d  

g r a v i t y ,  seismic and geode t i c  in format ion  for The Geysers, found t h a t  

l a r g e  masses of  f l u i d  were withdrawn over  time from a zone 

approximately a t  t h e  depth of The Geysers' vapor product ion zone. 

The r educ t ion  i n  mass f a r  exceeded t h a t  which could be explained by 

product ion  of t h e  vapor. Yet, measured p re s su re s  in t h a t  zone are 

w e l l  below t h e  s a t u r a t i o n  p re s su re  a t  t h e  r e s e r v o i r  temperature.  

Another p o s s i b l e  evidence of t he  adso rp t ion  phenomenon are t h e  

abnormally h igh  neut ron  l o g  p o r o s i t i e s ,  measured i n  vapor-dominated 

geothermal format ions ,  (Sanyal ,  1980). S ince  t h e  neut ron  l o g  

response  measures hydrogen concen t r a t i on  a dense phase of  adsorbed 

water may provide an exp lana t ion  f o r  t h e  observed neutron l o g  

response. 

lilacias (1 981 ) whi le  measuring radon emanation i n  porous media, 

s a t u r a t e d  wi th  superhsa ted  steam, observed t h a t  t h e  emanation l e v e l  

was cons ide rab ly  h ighe r  than t h e  expected l e v e l  from a porous medium 

s a t u r a t e d  wi th  a gaseous f l u i d .  He pos tu l a t ed  t h a t  t h e  phenomenon 

w 3 s  caused by the  presence of a much denser  adsorbed water phase. 
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3 . 3  

The r e l a t i o n s h i p  between t h e  q u a n t i t i e s  of adsorbed water  and 

steam i n  a vapor-dominated r e s e r v o i r  can be c a l c u l a t e d .  The i n i t i a l  

amount of adsorbed water can be obtained from Eq. 3-1 app l ied  t o  the  

i n i t i a l  p r e s s a r e  pi: 

The Xagnitude o f  t h e  Adsorption Fhenonenon 

For  any p a r t i c u l a r  bulk volume of porous rock, t h e  volume of 

s o l i d  material p resen t  is  mr/pr, (1'$)vb o r  ( l-g)Vp/$.  Thus, t h e  

pore  volume a v a i l a b l e  p e r  u n i t  mass of s o l i d  material can be  

e q r e s s e d  bjr: 

9f V 4 
r n -  r 

(3-3) 

Por a vapor-dominated system, adsorbed water would occupy a 

n e g l i g i b l e  p o r t i o n  of  t h e  pore volume. Hence, the  mass of vapor 

p r e s e n t  p e r  u n i t  of  pore volume would be very  n e a r l y  equa l  t o  t h e  

d e n s i t y  of  the  vapor a t  t h e  e x i s t i n g  p r e s s u r e  and temperature.  

S y n b o l i c a l l y  (m /V ) = 6 l / v  o r :  
pg $ g P  
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Solv ing  Eq. 3-3 f o r  V s u b s t i t u t i n g  t h e  r e s u l t  f o r  Vp i n  Eq. 3-4 and 

then  r ee r r ang ing  y i e l d s  t h e  mass of vapor pe r  u n i t  mass of s o l i d  

P' 

material. A t  t h e  i n i t i a l  cond i t i ons  of p re s su re  (subscri .pted with an 

i )  and tempera ture ,  assumice p, cons tan t :  
%, cp 

mr { ' - @ J P ~  v g i  
(3-5) 

Fron: Eq. 3-2 t h e  mass of  l i q u i d  adsorbed i n i t i a l l y ,  expressed i n  

grn per  gm of s o l i d  material, is  given by: 

M P i  m 
- =  a i  

r '7 a m (3-6) 

Divid ing  Eq. 3-5 by Eq. 3-6 g ives  t h e  vapor t o  adsorbed water mass 

r a t i o :  

Q mr m - =  g i  

From Eq. 3-7, n o t e  t h a t :  

m .  
g= 

( 3-7 1 

(3-8) 
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Eqilation 3-8 is  genera l .  For a geothermal r e s e r v o i r  near  its 

s a t u r a t i o n  p o i n t  and a t  a t y p i c a l  temperature  of  450°F, t h e  r a t i o  

pi/p* approaches u n i t y ,  while  vg i s  approximately equa l  t o  one f t 3 / l b  

i n  Engl ish engineer ing  u n i t s .  Assuming f o r  common geothermal rocks 

t h a t  t he  d e n s i t y  can be approximated as 2.65 g/cc o r  165 l b / f t 3  and 

t h e  va lue  of Q as 3 ' 3 0 ~ 1 0 ' ~  I b  moles/lb of  rock,  Eq. 3-8 becomes: 

Th i s  equa t ion  has  an important  imp l i ca t i on .  I n  a vapor- 

dominated system f o r  very low va lues  of the p o r o s i t y ,  there can be 

cons ide rab l e  mass- in-place i n  t h e  form of adsorbed water. For 

example, f o r  a p o r o s i t y  of 5%, t h e  r a t i o ,  nai/mgi, is approximately 

equa l  t o  17, t h a t  is, t h e r e  may be as much as  17 times more adsorbed 

water i n  t h e  formation than vapor (by mass). 

The next  s e c t i o n  w i l l  d e a l  with t he  themodynamics of t h e  H20- 

C02 system and will presen t  in format ion  t h a t  w i l l  be used i n  

subsequent  s e c t i o n s  d e a l i n g  with t h e  e v a l u a t i o n  of geothermal 

r e s e r v o i r s  con ta in ing  C02. 
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SECTION FOUR 

THERNODYXAMICS OF THE WATER-CARBON D I O X I D E  SYSTEM 

The presence of carbon d iox ide  i n  geotherrnal systems is  

common. The Broadlands f i e l d  i n  Kew Zealend produces about 10% 

(mole) C02, Travale  i n  I t a l y  about 11% C02, while t h e  Bagnore f i e l d  

posted an  i n i t i a l  noncondensable gas  composition of over 80%. I n  

t h i s  s e c t i o n ,  t h e  thermodynamics of t h e  water- carbon dioxide  systems 

is  s t u d i e d .  While geothermal r e s e r v o i r s  g e n e r a l l y  con ta in  many o t h e r  

g a s e s  i n a l u d i n g  HzS, N H 3  and CH4,  t h e  concen t ra t ion  of C02 i n  t h e  

noncondensable gas  mixture  i s  u s u a l l y  over  93%. Although t h e r e  are 

s u b s t a n t i a l  d a t a  on t h e  H20-CO2 system, d a t a  on H20-noncondensable 

gas  s i x t u r e s  are sca rce .  S ince  CO2 i s  by far t h e  major component, 

t h e  s tudy  of H20-C02 systems may be considered a reasonable  first 

r e p r e s e s t a t i o n  of t h e  t o t a l  system. 

The first item t o  be considered is  t h e  d i s t r i b u t i o n  of CO2 i n  a 

vapor-dominated geothermal r e s e r v o i r .  The presence of COz causes  an 

e l e v a t i o n  of t h e  mixture dew p o i n t  pressure .  A mixture  t h a t  con ta ins  

water and a much h i g h e r  vapor- pressure f l u i d  (such as CO2) has a dew 

p o i n t  p r e s s u r e  curve s i g n i f i c a n t l y  h igher  than t h e  b o i l i n g  curve for 

pure  water. Hense, a major e f f e c t  of t h e  presence of carbon d iox ide  

i n  a g e o t h e m a l  f l u i d  is t o  a l low a vapor phase t o  e x i s t  a t  p ressures  

s i g n i f i c a n t l y  h i g h e r  than t h e  s a t u r a t i o n  p r e s s u r e  of pure water. 

S ince  a d s o r p t i o n  e f f e c t s ,  d iscussed i n  t h e  previous  s e c t i o n ,  

app ly  below t h e  vapor p r e s s u r e  of pure water, t h e  presence of t h e  C02 
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(noncondensable gases )  extends  t h e  p ressure  range where adsorp t ion  

e f f e c t s  p r e v a i l  above t h e  pure water vapor p ressure .  

F i n a l l y ,  t h e  assumption t h a t  appears  throughout t h i s  r e p o r t  t h a t  

t h e  d e p l e t i o n  of a vapor-dominated geothermal: r e s e r v o i r  may be  

considered as i so the rmal  i s  examined. 

4.1 Carbon Dioxide D i s t r i b u t i o n  i n  a Vapor-dominated Geothermal 

Xes e r v o i r  

Because noncondensable gases  ( p r i m a r i l y  C02) are s o l u b l e  i n  

water, t h e  r e s e r v o i r  noncondensable gas contell t  p a r t i t i o n s  i t s e l f  

between t h e  l i q u i d  and vapor phases,  (Grant ,  1979). 

Su t ton  (1976),  whi le  p r e s e n t i n g  b o i l i n g  curves  f o r  a two-phase 

mixture  of wster and carbon d iox ide ,  c a l c u l a t e d  t h e  amount of CO2 

d i s so lved  i n  water. I n  t h e  reg ion  of geothermal i n t e r e s t ,  t h e  C02 

mole f r a c t i o n  i n  t h e  l i q u i d  phase is i n  t h e  range of 5 ~ 1 0 ' ~  t o  

( o r  l . 2 2 ~ l O ' ~  t o  2.44~10'3 mass f r a c t i o n ) .  

Grant (1979) used t h e  presence of  carbon d iox ide  and hydrogen 

s u l f i d e  t o  c a l c u l a t e  the  water con ten t  i n  t h e  Kawah-Kamojang 

geothermal r e s e r v o i r  i n  Indonesia (a two-phase r e s e r v o i r  with a steam 

cap) .  I n  t h a t  r e s e r v o i r ,  t h e  CG2 con ten t  i n  t h e  produced f l u i d  

i n i t i a l l y  was approximately 1% (mass). This  was assumed t o  be equal  

t o  t h e  i n i t i a l  c o n c e n t r a t i o n  i n  the  vapor phase. Grant c a l c u l a t e d  

t h a t  t h e  water s a t u r a t i o n  i n  t h e  Kawah-Kamo jang  r e s e r v o i r  was 35%. 

Using S u t t o n ' s  (1976) and Gran t ' s  (1979) d a t a ,  t h e  d i s t r i b u t i o n  of 

CO2 i n  t h e  Kamojang r e s e r v o i r  can be c a l c u l a t e d .  S ince  t h e  r e s e r v o i r  

temperature  was 24OoC (464OP), t h e  s p e c i f i c  volumes of vapor and 

l i q u i d  were v f 0.957 f t 3 / l b ,  and v R  0.0197 f t 3 / l b  g 
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r e s p e c t i v e l y .  Vsizg a u n i t  pore volume as a b a s i s ,  t h e  weight of 

va?or p r e s e n t  w s u l d  be (0.65/0.957) l b  o r  0.68 15 and t h e  weight of  

l i q u i d  water  p r e s e n t  would be (0.35/.0197) 1b o r  17.76 lb .  From the  

product ion da ta ,  a s  r epor ted  by Grant (1979),  t h e  amount of  C02 

p r e s e n t  i n  t h e  va-,or phase was then 0.68 x 0.01 h 6.8 x l b s / f t 3  

of pore volume, whi le  t h e  amount in t h e  l i q u i d  phase was a t  leas t  

17.76 x 1.22 x lom3 = 21.67 x 10-3 lbs. Hence, i n  t h e  Kawah-Kamojang 

two-phase geothermal r e s e r v o i r ,  t h e  C02 mass i n  t h e  l i q u i d  phase was 

approximate ly  t h r e e  times t h e  C02 mass i n  t h e  v a p r  phase. 

I n  a vapor-dominated geothermal r e s e r v o i r ,  t h e  only  "non-vapor" 

f l u i d  p r e s e n t  is i n  t h e  form of adsorbed water. I n  t h e  l a s t  s e c t i o n ,  

we observed t h a t  a h o r b e d  water  does not  e x h i b i t  t h e  same p r o p e r t i e s  

as free water. I n  p a r t i c u l a r ,  t h e  ordered molecular  structure of the  

adsorbed water reduces t h e  concen t ra t ion  of aay water s o l u b l e  gases 

s i g n i f i c a n t l y .  

I n  t h e  example presented a t  t h e  end of Sec t ion  Three, f o r  a 

p o r o s i t y  equa l  t o  0.05, t h e  mass r a t i o  of t h e  adsorbed water t o  t h e  

steam was approximately equa l  t o  17. According t o  S u t t o n ' s  (1976) 

c a l c u l s t i o n ,  t h e  mass f r a c t i o n  of C02 d i s so lved  i n  l i q u i d  water i n  

t h e  reg ion  of geothermal i n t e r e s t  is  i n  t h e  range of 1.22 x t o  

2-44 x lom3. Using t h e  r e s u l t s  of t h e  example p resen ted  i n  S e c t i o n  

Three, f o r  a b a s i s  of 18 l b s  of t o t a l  f l u i d  ( i n c l u d i n g  adsorbed water  

and s team) ,  there could be  17 x 1.22 x lom3 5 0.02 I b s  of C02 i n  

s o l u t i o n .  
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The equ i l i b r ium cons t an t  c a l c u l a t e d  from Su t ton ' s  (1976) 

c o r r e l a t i o n  f o r  45OoF and f o r  a p r e s su re  near  t h e  s a t u r a t i o n  poin t  o f  

water is  approximately equa l  t o  280. 

Hence, t h e  mass f r a c t i o n  of  CO2 i n  t h e  vapor phase is  equa l  t o  

0.34. For t h e  c a l c u l a t i o n  a t  hand (and us ing  a b a s i s  of 18 l b s  of 

t o t a l  f l u i d  o f  which 1 l b  i s  vapor) ,  t h e  C02 concen t r a t i on  i n  t h e  

vapor phase is  0.34 lb s .  Hence, t h e  mass r a t i o  of C02 d isso lved  i n  

t h e  adsorbed water t o  t h e  C02 i n  t h e  vapor phase i s  equa l  t o  0.06 

compared t o  a r a t i o  of 3 c a l c u l a t e d  f o r  t h e  two-:phase Kawah-Kamojang 

system and us ing  Grant ' s  (1979) data. 

From t h e  above, i t  can be concluded t h a t  p ropor t i ona t e ly  t h e r e  

i s  f a r  less C02 d isso lved  when adsorbed water is t h e  only "non-vapor" 

f l u i d  presen t .  There is  a f u r t h e r  cons idera t ion .  The compactness of 

t h e  molecular  l a y e r s  of  t h e  adsorbed water would prec lude  t h e  

p s s s i b i l i t y  t h a t  b a s i c  p r i n c i p l e s  of vapor-1iqui.d equi l ib r ium would 

apply  between t h e  adsorbed water and t h e  overl.ying steam and C02 

mixtures .  The equ i l i b r ium cons t an t ,  K,  would be much l a r g e r  i n  

adsorbed water/CO2 equ i l i b r ium than i n  bulk wa1;er/CO2 equi l ib r ium,  

s i n c e  t he  s o l u b i l i t y  of C02 i n  t he  adsorbed water should be far  less 

tnan t h a t  i n  non-adsorbed water. 

Also i n  t h e  l a s t  s e c t i o n ,  t h e  mass of adsorbed water per  mass of 

rock was estimated from t h e  r e s u l t s  of  Hsieh (IL980). For a given 

mat r ix  p o r o s i t y ,  t h e  mass of t he  adsorbed water  can be est imated.  

Equat ion 3-8 relates t h e  mass r a t i o ,  rnafi/mgi , of adsorbed 

water t o  t h e  vapor. 
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This  r a t i o ,  dependi2g h e a v i l y  on the  r e s e r v o i r  p o r o s i t y ,  ranges 

from 1 t o  20 f o r  c o n d i t i o n s  expected i n  geothermal r e s e r v o i r s .  I n  

any case ,  t h e  r a t i o  is  much s m a l l e r  than t h e  r a t i o  of l i q u i d  water t o  

steam found i n  two-phase systems. The small mass f r a c t i o n  of  

adsorbed water  i n  a vapor-dominated system, coupled with a pos tu la ted  

l i m i t e d  a b i l i t y  of C02 t o  d i s s o l v e  i n  adsorbed water, i s  t h e  b a s i s  

f o r  cons ide r ing  t h a t  i n  a vapor-dominated geo therna l  r e s e r v o i r ,  a l l  

o f  t h e  CO2 (and e f f e c t i v e l y  a l l  o t h e r  noncondensable gases)  a r e  i n  

t h e  vapor phase. T h i s  shoald be a reasonable  first approximation. 

4.2 D e w  P o i n t  P ressure  E leva t ion  i n  VaDor-dominated Water- 

Carbon 3 i o x i d e  Systems 

I n  c a l c u l a t i n g  t h e  dew po in t  p ressure  of e vapor-dominated 

g e o t h e r n a l  system, t h e  assumptions are: 

1. 

2. 

All C02 i s  i n  t h e  vapor  phase. 

Any l i q u i d  p r e s e n t  i s  i n  t h e  form of adsorbed water. 

The equ i l ib r ium c o n d i t i o n  f o r  a dew po in t  p r e s s a r e  a t  a given 

temperature  is: 

1 zi/Ki f 1 (4-1) 
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o r  i n  t h e  cese  of  a C02/water mixture: 

'C02 'H20 

K CO, H,O K - +  = 1  (4-2) 

b h l i n i n  (1974) r e p o r t s  t h a t  i n  t h e  reg ion  of geothermal 

i n t e r e s t ,  t h e  f u g a c i t y  c o e f f i c i e n t s  of t h e  H20-COz system approach 

un i ty .  Therefore ,  Dal ton ' s  and Raou l t ' s  law can be assumed as 

a p p l i c a b l e  f o r  t h e  system. The equi l ib r ium cons t an t  of water vapor 

can,  t h e r e f o r e ,  be approximated by: 

The equ i i i b r ium cons t an t  f o r  CO2 can be obtained from S u t t o n ' s  

(1976) f i t  of f o u r  s e t s  of  experimental  data. F igure  4-1 p r e s e n t s  

t h e  exparimental  d a t a  of Ellis and Golding (1936),  Malinin (1959), 

Todheide and Franck (1963) and Takenouchi and Kennedy (1964). 

S u t t o n ' s  f i t  of  t h e  experimental  data is  represen ted  by t h e  s o l i d  

l i n e .  The f i t t e d  equa t ion  is :  

(IC . p)-' f [13.27 - 8.54(T/100) + 2.93(T/100)2] x 
cc2 
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where p is  t o t e l  p ressure  i n  b a r s  and T is i n  OC. 

The c o n s t a n t s  i n  Eq. 4-4 vary from t h e  one presented by Sut ton  

by a a u i t i p l i e r  equa l  t o  2.44 which is t o  account f o r  t h e  d e f i n i t i o n  

o f  t h e  equ i l ib r ium cons tan t  as a mole f r a c t i o n  r a t i o .  S u t t o n ' s  curve 

was f o r  mass r a t i o s .  

I n  Engl ish  eng ineer ing  u n i t s ,  S u t t o n ' s  equat ion can be 

transformed i n t o :  

(%02 p)-' f c10.02 - 3.20(T/100) + 0.61(T/100)2] x 

where p r e s s u r e  and temperature  are i n  p s i  and OF, r e s p e c t i v e l y .  

Equations 4-2 and 4-3 can be combined: 

ZC02 ZH20 P t o t a l  
- +  = 1  

'"H20 
(4-5) 

The numerator and denominator of t h e  f i rs t  term on t h e  l e f t  s i d e  of 

t h e  equation are m u l t i p l i e d  by ptotal. Rearrangement r e s u l t s  12: 

F t o  t a l  
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T n i s  equa t ion  provides  t h e  t o t a l  p r e s su re  f o r  an H20-C02 mixture  

i f  t h e  product  concen t r a t i ons  an3 t h e  r e s e r v o i r  temperature  are 

known. p t o t a l )  may be obtained from 

Eq. 4-4 o r  4-4s, which is  S u t t o n ' s  (1976) c o r r e l a t i o n  of  s e v e r a l  sets  

o f  experimental  d s t a .  

Tne va lue  of t h e  prsduc t  ( K C ~  
2 

The s a t u r a t i o i  p r e s su re  of pure water can be obtained from steam 

t a b l e s .  A convenient  c o r r e l a t i o n  developed f o r  t h i s  s tudy  f o r  t h e  

s a t u r a t i o n  p re s su re  of  pure water  i n  t h e  range of geothermal i n t e r e s t  

i s  : 

i n  which p* is  i n  p s i a  and T i n  OF. Equation 4-7 was derived from a 

leas t  squa re s  polynomial: f i t  of  t h e  steam vapor- pressure curve i n  the 

range between 200°F and 600°F. 

Using Eqs. 4-4a, 4-6 and 4-7, t h e  dew po in t  p r e s su re  of H20-CO2 

mixtures  can be c a l c u l a t e d .  

Example 4 .1  Vapor-pressure e l e v a t i o n  of a C O ~ - H ~ 0  mixture  

Assume a vapor-dominated geothermal r e s e r v o i r  a t  45OoF (232OC) 

Ca lcu l a t e  t h e  t o t a l  p r e s su re  of t h e  con ta in ing  15% (weight)  of C02. 

sys tem. 

The mole f r a c t i o n  of C02 is: 

* 0.067 L 0.15/44 
'CO2 ?,0.15/44) + (0.85/19) 

28 

(4-8) 



J s ing  Eq. 4-7 t h e  vepor pressurp ,  F* = 418 p i a  compared t o  422 

KCO2p i s  p s i a  i n  t h e  Steam Tables .  

c a l c u l a t e d :  

From Eq. &4a, t h e  product 

Kc0; = 1.25 x IO’ p s i  (1-9) 

F i n a l l y ,  using Eq. 4-6, Ttotal f 448 p s i a ,  which r ep re sen t s  an 

e l e v a t i o n  of 30 p s i a  over  t h e  vapor pressure .  

F igure  4-2 p r e s e n t s  t h e  c a l c u l a t e d  vapor- pressure e l e v a t i o n  of 

CO2-920 mixtures  f o r  va r ious  C02 concent ra t ions .  The e l e v a t i o n  is 

s i g n i f i c a n t .  For  reg ions  of geothermal i n t e r e s t , ,  t h e  t o t a l  p r e s su re  

of t h e  system may be 60-90 p s i  h ighe r  than t h e  s a t u r a t i o n  p re s su re  of 

pure water f o r  f a i r l y  moderate CO2 concent ra t ions .  fligh C02 

concen t r a t i ons ,  a s  i n  t h e  Bagnore r eg ion  of I t a l y ,  may e l e v a t e  t h e  

p re s su re  f u r t h e r  and s t i l l  s u s t a i n  t h e  mixture i n  t h e  vapor phase. 

A c o n j e c t u r e  may be made here .  The adso rp t ion  phenomenon is  

assumed t o  cont inue  t h e  same t rend  as with pure steam. The s u r f a c e  

f o r c e s  caus ing  t h e  adso rp t ion  phenomenon are assumed n o t  t o  be 

a f f e c t e d  bjr t h e  C02 presence.  So, while  l i t t l e  C02 i s  bel ieved t o  be 

d i s so lved  i n  t h e  adsorbed l i q u i d ,  i t s  presence,  by e l e v a t i n g  t h e  dew 

p o i n t  p r e s su re  above p*, ex tends  t h e  adso rp t ion  phenomenon f u r t h e r .  

The curve of  Fig.  3-1 f o r  adsorbed water  versus  p/p* is ex t r apo la t ed  

wi th  t h e  ssme s l o p e  Q f o r  (p/p*)>l.  
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F u r t h e r ,  t h e  asoumption t h a t  t h e  C02 concen t ra t ion  i n  the  

adsorbed l i q u i d  phase is  n e g l i g i b l e  i m p l i e s  t h a t  as water is desorbed 

dur ing  product ion,  the  concen t ra t ion  of C02 i n  t h e  vapor and hence i n  

t h e  product ion s t ream,  should be d i l u t e d  i f  adsorbed water were t h e  

only  nnon-vaporn f l u i d  p resen t .  Exis tence  of l i q u i d  beneath the  

vapor-dominated zone may, i n  f ac t ,  cause t h e  [increase of  t h e  C02 

c o n c e n t r a t i o n  produced as  i t  b o i l s  out  o f  t h e  mixture.  The 

i m p l i c a t i o n s  of t h e  d i l u t i o n  of  t h e  CO2 c o n c e n t r s t i o n  are t r e a t e d  i n  

S e c t i o n  Five. 

4.3 The Temperature Decline of a Vapor-:Dominated Geothermal 

I i e se rvo i r  Considering Adsorption 

Khi t ing  and Hamey (1969) presented a m a t e r i a l  end energy balance 

Brigham and Norrow (1974) o f f e r e d  a for a vapor-dominated r e s e r v o i r .  

c a l c u l a t i o n  procedure t o  p r e d i c t  the  p r e s s u r e  and temperature versue 

product ion h i s t o r y  f o r  such r a s e r v o i r s .  I n  Raney's (1968) work f o r  

The Geysers, he presented a s i m p l i f i e d  energy balance f o r  a d e p l e t i n g  

vapor-dominated r e s e r v o i r .  The express ion  f o r  t h e  energy ba lacce  

was : 

+W ) ( h  -F) + Wi h i + v i T  ( ' -4))  p C (T
i
-T) - F - -- 'ih1g + We(he-F) + Q, 

v -v 
19 1 (WP L P 

(4-1 0 )  

where 
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and 

'i = xi (vgi-vli) + 'R i  

(4-11) 

(4-1 2) 

Assuming a c losed  system, t h e  f l u i d  l o s t ,  WL and t h e  f l u i d  i n-  

f l u x ,  We may be se t  equa l  t o  zero. Fu r the r ,  Ramey (1968) has  shown 

t h a t  t h e  n e t  h e a t  conducted i n t o  t h e  r e s e r v o i r ,  Q, is  neg l ig ib l e .  

Therefore ,  Eq. 4-10 may be s i m p l i f i e d  and rear ranged  i n t o :  

T
i
-T f (4-13) 

Equat ion 4-13, p rovid ing  t h e  temperature  drop must be solved by 

t r i a l  and e r r o r  s i n z e  t h e  thermodynamic v a r i a b l e s  i n  t h e  right- hand 

s i d e  are f u n c t i o n s  of t h e  c u r r e n t  r e s e r v o i r  temperature ,  T. I n  

Sec t ion  Three, Eq. 3-9 provided t h e  i n i t i a l  mass r a t i o  of  adsorbed 

water t o  t h e  vapor f o r  a t y p i c a l  vapor-dominated geothermal 

r e s 4 r v o i r .  I n  t h e  example a t  t h e  end o f  the s e c t i o n ,  using a 

p o r o s i t y  of  0.05, t h e  mass r a t i o  was found t o  be approximately equal  
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t o  17 y i e l d i n g  an i n i t i a l  f l u i d  q u a l i t y  of 1 / 1 8  i f  vapor and adsorbed 

water were lumped toge ther .  

Equat ion 4-12 then becomes: 

v = 1 (1.0993-0.0194) + 0.0194 f 0.07'34 f t 3 / l b  (4-14) i 18 

(The va lues  f o r  t h e  vapor and l i q u i d  s p e c i f i c  volumes and a l l  o t h e r  

i n i t i a l  v a r i a b l e s  are f o r  s a t u r a t e d  f l u i d  a t  45OoF as i n  t h e  example 

i n  Sec t ion  Three). 

Using pr = 165 l b / f t 3  and C r  0.25 BTU/lb'F , Eq. 4-13 may 

then  be solved by t r i a l  and arror .  

For a d e p l e t i o n  Wp/Wi f 0.25, and f o r  a produced f l u i d  en tha lpy  

equa l  t o  t h e  average  steam entha lpy  i n  t h e  r e s e r v o i r  dur ing  t h e  

o p e r a t i o n ,  t h e  c a l c u l a t i o n  y i e l d s  a t expe ra tu re  d e c l i n e  of  3OF. A 

p o r o s i t y  o f  0.20 yields a temperature  d e c l i n e  of  6'F. Hence, t h e  

con ten t ion  throughout  t h i s  r e p o r t  t h a t  t h e  d e p l e t i o n  of a vapor- 

dominated geothermal r e s e r v o i r  may be considered as i so thermal  is  a 

good approximation. 
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SECTION FIVE 

KATEIIIAL BALANCE FOR VAPOR-DOMINATED GEOTHE%MAL RESERVOIRS 

?he presence of carbon d iox ide  and adsorbed water has a major 

e f f e c t  on material balance  c a l c u l a t i o n s  f o r  vapor-dominated 

geothermal r e s e r v o i r s .  

I n  t h i s  work, f o u r  material balance  models are i n v e s t i g a t e d :  

1. Conventional  material balance  f o r  steam r e s e r v o i r s  

analogous t o  balances  for na tu ra l- gas  r e s e r v o i r s .  

2. Steam and noncondensable gas r e s e r v o i r s .  

3. Steam and adsorbed water r e s e r v o i r s .  

4. Steam, adsorbed water, and noncondensabke gas  r e s e r v o i r s .  

I n  t h i s  s e c t i o n ,  examples w i l l  be presented which show how t h e  

v a r i o u s  models apply  t o  The Geysers and t o  v a r i o u s  I t a l i a n  geothermal 

r e s e r v o i r s .  

5.1 Conventional N a t e r i a l  Balance f o r  the  Stt.sn Reservoir  

Ramey (1968) app l i ed  t h e  convent ional  m a t e r i a l  bs lance  model f o r  

a n a t u r a l  gas r e s e r v o i r  t o  t h e  vapor-dominated geothermal: r e s e r v o i r  

a t  The Geysers. I n  a graph of p/Z versus  cumulative product ion,  he 

showed t h a t  t h e  d a t a  f o r  t h e  first 10 y e a r s  i n d i c a t e d  a s t r a i g h t - l i n e  

r e l a t i o n s h i p  f o r  Wp > 20 x lo9 l b s  (Fig.  5-11. He presented a 

volumetr ic  balance  f o r  a steam r e s e r v o i r  when on ly  superheated steam 

is considered.  This balance  can be expressed as: 
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Figure  5-1 p/Z vs. Cumulative Product ion  f o r  t h e  Big Geysers Zone. 

(Af te r  Rainey, 1968 Modified) 
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(Rese rvo i r  pore  volume) = W . V  = ( W i 4  )v 
1 g i  P g  

from which: 

(5-1) 

where Wp i s  t h e  mass cumulative product ion,  Wi i s  i n i t i a l  mass-in- 

p l a c e ,  and vg i s  t h e  vapor s p e c i f i c  volume a t  r e s e r v o i r  condi t ions .  

The l a t t e r  may be der ived from t h e  real  gas law: 

- ZRT 
vg -5- (5-3) 

Vapor-dominated geothermal r e s e r v o i r s  have been t r e a t e d  as 

i so the rmal  through most of  t h e  convent ional  r e s e r v o i r  eng icee r ing  

l i t e r a t u r e .  They are t r e a t e d  as such h e r e  as w e l l .  Equation 5-2 

then  becorces: 

ZiWi 

? Pi 
w * v i - -  (P/Z)  (5-4) 

which is  t h e  equa t ion  Ramey used i n  g e t t i n g  t h e  s t r a i g h t  l i n e  

r e l a t i o n s h i p  shown i n  Fig. 5-1. 

R e f e r r i n g  t o  Eq. 3-3, t h e  pore volume per  u n i t  mass of s o l i d  

rock m a t e r i a l  i s  given by: 
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Q V y=(l-Q)p, P 
r 

(3-3 1 

The mass of  vapor conta ined i n  pore volume, V is then: P 

$m r w=m (5-5) 

Combining Eqs. 5-4 and 5-5: 

W 
m (1- $) pr3T 

P 
r 

,f (5-6) 

The va lue  of t h e  molecular  weight,  M ,  is equa l  t o  18 s i n c e  only water 

vapor is considered here.  

As with the convent ional  n a t u r a l  gas technique (Eq. 5-4), t h e  

procedure suggested by E?. 5-6 i s  a graph o f  cumulative product ion 

v e r s u s  p/Z. T h e o r e t i c a l l y ,  a s t r a i g h t  l i n e  drawn through t h e  d a t a  

would p rov ide  t h e  in i t i a l- s team- in- place  a t  t h e  , i n t e r c e p t  with p/Z = 

0. 

The a p p l i c a t i o n  of a convent ional  material balance  t o  The 

Geysers f i e l d  by Ramey (1968) r e s u l t e d  in a very  large va lue  f o r  t h e  

i n i t i a l  s team-iz-place.  It w i l l  be demonstrated l a t e r  i n  t h i s  

s e c t i o n  t h a t  i f  one were t o  assume a steam zone with no adsorbed 

water p r e s e n t  i t  would l e a d  t o  t h e  c a l c u l a t i o n  of an u n r e a l i s t i c a l l y  

h igh  v a l u e  f o r  t h e  format ion t h i c k n e s s  whether o r  no t  t h e  steam zone 

i 3  u n d e r l a i n  by subformation l i q u i d .  
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The presence of adsorbed water, as w i l l  be shown, provides  a 

means f o r  s t o r a g e  of  t h e  estimated mass w i t h i n  a more reasonable  

th ickness .  

5.2 Steam and Noncondensable Gas Rese rvo i r s  

The presence of noncondensable gases, as pointed ou t  ear l ie r ,  

resu l t s  i n  t h e  e l e v a t i o n  o f  t h e  dew-point pressure .  A material 

balance  equa t ion ,  s imilar  t o  Eq. 5-1, can be w r i t t e n  f o r  a l l  steam 

and noncondensable gases found i n  t h e  r e s e r v o i r :  

k k 
w c mkvgk = wi c mk ( v  - v > gk g i k  P 1  1 

(5-7) 

I n  Eq. 5-7, t h e  cumulative product ion and the i n i t i a l  mass-in- 

p l a c e  are i n  terms of t o t a l  mas8, while  the v a r i o u s  components ere 

included by t h e i r  mass f r a c t i o n ,  mk. Equation 5-7 assumes t h a t  

Amagat's law of  a d d i t i v e  volumes is a p p l i c a b l e  for t h e  cond i t ions  

commonly found i n  vapor-dominated geothermal r e s e r v o i r s .  

Although Eq. 5-7 i s  g e n e r a l  i n  n a t u r e ,  i t  can be s i m p l i f i e d  by 

lumping the noncondensable gases: 
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S u b s t i t u t i o n  of t h e  e q a i v e l e n t  express ions  f o r  t h e  s p e c i f i c  

v o l m e s ,  as given by Eq. 5-3 and rearrangement,  results i n :  

w = wi 
P 

(1 - mNC')Zi - mNC ' N C i  + 

'NC P i  
(5-9) 

For  s i m p l i c i t y  and cons i s t ency  with o t h e r  equa t ions ,  t h e  s u b s c r i p t  

"H20" i n  Eqs. 5-8 and 5-9 w i l l  be omitted i n  equa t ions  which 

follow. The noncondensable gas  f r a c t i o n  mNC i s  a cumulative term 

i n c l u d i n g  a l l  gases.  I n  most cases, t h i s  term very n e a r l y  equa l s  the  

m a s s  f r a c t i o n  o f  C 0 2 ,  because of t h e  h igh C 0 2  con ten t  (90% mole or 

more) i n  most geothermal r e s e r v o i r s .  

The in i t i a l- mass- in- place  p e r  u n i t  mass o f  rock may be obta ined 

by analogy with Eq. 5-5: 

S u b s t i t u t i o n  of Eq. 5-3 i n  Eq. 5-10, combimd wi th  Eq. 5-3 and 

resrrangement r e s u l t s  i n :  
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Equation 5-11 reduces t o  5-6 i f  mNC = 0. The va lue  of ZNC may 

be considered u n i t y  f o r  ga se s  a t  p re s su re s  i n  t h e  range of  geothermal 

i n t e r e s t .  This  con ten t ion  may be v e r i f i e d  through t h e  fo l lowing  

c a l c u l a t i o n :  From Fig.  15-11 on page 577 of Katz e t  a1 (1959) 

Handbook of Natura l  Gas Engineer ing,  t h e  c r i t i c a l  pressuve (p,) of 

C!I2 i s  es t imated  t o  be 1075 psia and t h e  c r i t i c a l  temperature  (T,) is 

88'F, o r  548'R. Assuning a r e s e r v o i r  temperature  of 464OF o r  924OR 

and a r e s e r v o i r  p r e s s u r e  of 500 p s i a ,  t h e  corresponding reduced 

temperature  and p re s su re  a r e :  

and 

From t h e  Z c h a r t  (Fig.  4-16 i n  Kat5 e t  a l )  Z = 0.975 . Equation 

5-11 i s  no longe r  a s t r a i g h t  l i n e  s i n c e  t h e  p/Z parameter is  divided 

by a p re s su re  dependent quan t i t y .  

F igu re  5-2 shows a material ba lance  c a l c u l a t i o n  f o r  geothermal 

r e s e r v o i r s  con ta in ing  va r ious  concen t r a t i ons  of  noncondensable 

gases .  The c a l c u l a t i o n  was done f o r  a temperature  of 450°F. AS can 

be seen ,  t h e  p/Z ve r sus  cumulative product ion curves are s l i g h t l y  

curv ing ,  t h e  cu rva tu re  becoming more pronounced as t h e  noncondensable 

gas  con ten t  i nc reases .  For  geothermal r e s e r v o i r s  where t h e  
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noncondensable gas con ten t  is  l e s s  than 30% (mass), the  convent ional  

ayproach of t h e  s t r a i g h t  l i n e  on t h e  p/Z versus  cumulative product ion 

curve should be adequate.  

5 . 3  Steam and AdsorSed Water Reservo i r s  

When adsorbed water i s  considered,  t h e  pore  volume c o n t a i n s  both 

vapor and water molecules adsorbed on the  g r a i n  s u r f a c e s  as descr ibed 

ear l ier  i n  t h i s  work. The material balance  equa t ion  may be  w r i t t e n  

t a k i n g  i n t o  account t h e  desorbing water.  The amount of  adsorbed 

water, X ( l b  moles/ lb of  rock) ,  may be determined a t  any time dur ing  

d e p l e t i o n  o f  t h e  r e s e r v o i r  with t h e  equa t ion  der ived  from Hsieh 's  

work: 

The m a t e r i a l  ba lance  equat ion may then be w r i t t e n  as: 

Wi(V -v .) w v 
(5-12) Q g1 

m n! 
FIXi ( V  -V .) + M(Xi-X)v + 

r r R 11 g 

The f i r s t  term i n  t h i s  equa t ion  r e p r e s e n t s  t h e  dec rease  i n  t h e  

volune of t h e  adsorbed f l u i d .  The s p e c i f i c  volume, vR , should 

probs5ly  be smaller than  t h e  l i q u i d  s p e c i f i c  volume of water because 

t h e  adsorbed water malecules form a dense phase on t h e  rock 

s u r f a c e s .  This  term may be s a f e l y  d i sca rded  because i t  is  much 

smaller than  t h e  o t h e r  t h r e e  terms i n  Eq. 5-12. 
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The second and t h i r d  terms r e p r e s e n t  t h e  v a p o r i z a t i o n  of t h e  

adsorbed f l u i d  and t h e  expansion of t h e  i n i t i a l  vapor. F i n a l l y ,  t h e  

r i g h t  hand s i d e  of t h e  equat ion provides  t h e  cunu la t ive  product ion i n  

terms of r e s e r v o i r  volumes. 

Omitt ing t h e  first term, and s o l v i n g  f o r  W Eq. 5-12 becomes: P’ 

wi (v  - v .)  

mr Q 

g g.1 
W - P = Y(X.-X) + - 

V m 1 r 
(5-13) 

S u b s t i t x t i n g  Eq. 3-1 f o r  Xi-X and Eq. 5-5 f o r  Wi, Eq. 5-13 becomes: 

F i n a l l y ,  s u b s t i t u t i o n  of Eq. 5-3 for v g and vgi, and rea r rang ing  

Eq. 5-14 y i e l d s :  

Equation 5-15 i s  analogous t o  Eq. 5-6. The second and t h e  

f o u r t h  terms on t h e  r ight- hand s i d e  o f  Eq. 5-15 are i d e n t i c a l  t o  t h e  

r i g h t  hand s i d e  of Eq. 5-6, whi le  t h e  f i r s t  and t h e  t h i r d  terms are 

t o  account f o r  t h e  adsorp t ion  phenomenon. 
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Compar.ing t h e  migni tade o f  the  f i r s t  term of  the  right-hand s i d e  

ve r sus  t h e  second, and t h e  t h i r d  versus  t h e  f o u r t h  d i s c l o s e s  t h e  

importance of adsorp t ion .  

The va lue  of cr f o r  unconsol idated sands tones  can be estimated 

from Fig. 3-2 as a func t ion  of temperature.  Experiments by Hsieh 

(1980) f o r  s e v e r a l  consol ida ted  sandstone c o r e s ,  showed u t o  be 

l a r g e l y  independent of temperature ,  and equa l  t o  303~10'~ l b  moles/ lb  

of rock ( g  moles/g of rock). 

The fol lowing v a r i a b l e s  may be considered f o r  a t y p i c a l  vspor- 

dominated r e s e r v o i r :  

* 
T = 450°F, pi f 414 p s i a ,  p f 422.6 p i a  

9 --L 0.05, Pr f 165 l b / f t 3 ,  Zi 5 0.E368 

u = 300 x 10 -6 l b  moles/ lb  of  rock 

Then : 

' ai 
P* 5.29 x l b  moles/lb of rock -5  

and : 

14 4 (Pi/Z1> 
( 1- 4) prRT 

f 0.28 x lb moles/lb of rock 
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S i m i l a r l y :  

'' 11 x l b / [ ( l b  of rock) (ps i .a ) ]  -F 

whi le  t h e  f o u r t h  t e r n  y i e l d s :  

= 0.59 x lb/[  ( l b  of rock) ( p s i a ) ]  
r4 4 

( 1- 0) PrfiT 

Thus, f o r  a t y p i c a l  vapor-dominated r e s e r v o i r ,  El. 5-15 may be 

s i m p l i f i e d  by dropping t h e  second and f o u r t h  term, o r  t h e  vapor 

d e p l e t i o n  terms. The magnitude of t h e  r e s u l t i n g  e r r o r  i n  Wp should 

be about  5% t o  lo$, depending on the  va lue  o f  t h e  r e s e r v o i r  po ros i t y .  

Hence, as a reasonably c l o s e  appraximation: 

Equat ion 5-16 i s  t h e  equa t ion  of R s t r a i g h t  l i n e  when t'ne mass 

cumulat ive product ion  i s  graphed a g a i n s t  p r e s su re ,  p. 

For a vapor-dominated geothermal r e s e r v o i r ,  i t  cm be concluded 

t h a t  a graph of  e i t h e r  2 o r  p/Z a g a i n s t  Wp may y i e l d  a s t r a i g h t  

l i n e .  The va lue  of Z i n  t h e  p r e s s a r e  and temperature  ranges o f  

geathermal  i n t e r e s t  vr l r ies  l i t t l e  (frorn 0.8 t o  0.9). Equation 5-16 

provides  t h e  cumulative product ion per  u n i t  mass of rock. The t o t a l  

curnulative product ion  can a l s o  be expressed by s u b s t i t u t i n g  

Ah(l-$)pr f o r  mr. Eq. 5-16 becomes: 
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I n  a graph of Wp a s  a f u n c t i o n  of p, t h e  i n i t i a l - f l u i d- i n- p l a c e  

w i l l  be t h e  va lue  of Wp,  corresponding t o  p 0. 

S i g n i f i c a n t l y ,  Eq. 5-17 can be used t o  c a l c u l a t e  bulk volume, 

Ah, i f  t h e  p o r o s i t y ,  , is  known and i f  a rea l  e x t e n t  A is known o r  

can be e s t i m a t e d ,  t o  c a l c u l a t e  thickness h a l s o .  

5.4 A Fevised Rese rvo i r  Engineering Study of The Geysers 

Geothermal F i e l d  

The preceding may be used t o  r e e v a l u a t e  d a t a  f o r  t h e  Big Geysers 

Area presen ted  by Ramej. (1968) i n  which he o f f e r e d  comprehensive 

r e s e r v o i r  eng ineer ing  e v a l u a t i o n  o f  t h e  Rig Geysers area of The 

Geysers geothermal f i e l d .  Table 5-1 reproduces t h e  p r e s s u r e  

product ion d a t a ,  whi le  Fig.  5-3 is  a graph o f  both  p/Z versus  

cumulative product ion and p ve rsus  Cumulative production.  An 

e x t r a p o l a t i o n  of e i t h e r  of  t h e  s t r a i g h t  l ines  drawn through t h e  d a t a  

r e s u l t  i n  an in i t i a l- mass- in- place  o f  2.4 x l b s .  Both methods 

a l s o  a g r s e  i n  t h e  e s t i m a t i o n  of cumulative product ion a t  t h e  

abandonment p r e s s u r e  of 60 p s i  (p/Z = 63): 158 x lo9 l b s .  

I f  The Geysers were presumed a gas r e s e r v o i r ,  then t h e  pore  

volume requ i red  could be c a l c u l a t e d  us ing  t h e  s p e c i f i c  volume a t  

400°F and 194 p s i a ,  vg = 2.45 f t 3 / l b .  This  'times 240 x lo9 l b s  

g i v e s  5.88 x 1011 f t 3  a s  t h e  pore volume. Using Ramey's assumption 

of a d ra inage  area of 4.792 x lo6 f t2 and a bulk r e s e r v o i r  p o r o s i t y ,  

t h e  r e s e r v o i r  th ickness  could be c a l c u l a t e d  by: 
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RIG GEYSZRS FIELD SHALLOW ZONE C:n\PULIITIVE PRODUCTION 

AND RESERVOIR PIISSSURE (From Rarley , 1970)" 

Cumulative Avg. Res. 
No. Steam Produced S t e m  P r e s s m e  

1957 

1957 

1958 

1959 

1960 

1961 

1962 

1963 

1964 

1365 

1966 

1967 

0 

5 

5 

10 

10 

10 

10 

13 

12 

3 

? 

7 

0 

1109 8 

3224 4 

3426.7 

4698.2 

4246 5 

4377 6 

5299 7 

6197 9 5 

5509 9 

4941 4 

3847 3 

M l b /h r .  

0 

126.7 

368.1 

391.2 

536 3 

484 7 

497 7 

635.0 

707 4 

629.0 

564.0 

439.0 

0 

1,109.8 

4,334 2 

7,760 *9 

12,45901 

16,705.6 

21,083.2 

26,382.9 

32,580 4 

38 090 3 

43,03197 

46,879 00 

pia** 

194 

187 

180 

17 4 

169 

164 

160 

156 

152 

148 

145 

14 2 

Z 

Q* 913 

0-  915 

0 917 

0.919 

0.921 

0.922 

0.923 

0.924 

0 925 

0.927 

0.928 

0.929 

p/z 
212 

204 

196 

is9 

183 

178 

173 

169 

164 

160 

156 

153 

* Excludes product ion  from o r i g i n a l  wells d r i l l e d  i n  1929's and product ion 
wells T-8, T-13 and T-14 a f t e r  completion in deep zone. 

* Measured a t  t h e  wellhead. 
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Figure 5-3 p and p/Z vs. Cumulative P r o d u c t i ~ m  f o r  t h e  Big Geysers 

Zone a t  t h e  Geysers. (p /Z  a f t e r  R a m e y ,  1968) 
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(5-18) 

The results are given i n  Table  5-2. 

TABLE 5-2 

ESTIMATED RESERVOIR TEICKNESS FOR THE 

B I G  GEYSERS AREA 

01 

. '3'5 

.10 

015 
.20 

1.23 x 107 

2.46 x lo6 
1.23 x lo6 

8.20 105 
6.15 105 

These r e s e r v o i r  t h i cknes se s  are extremely l a r g e  and they  denote  

t h a t  t h e  gas r e s e r v o i r  model would r e q u i r e  a steam zone plus an 

under ly ing  l i qu id- wa te r  zone o r  adsorbed water i f  a more reasonable  

t h i cknes s  is t o  resul t .  

Tne th i cknes s  of  t n e  zone could be estimated. Assuming a 

c o n s t a n t  t empera ture  of  400'F, one can estimate t h e  steam column 

r equ i r ed  t o  e x e r t  s u f f i c i e n t  p r e s su re  t o  reach  t h e  s a t u r a t i o n  
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pres su re .  If pi = 194 p s i a  a t  t he  t op  and psat = 240 p s i a  a t  400°F 

a t  t h e  bottom o f  t h e  column, then Cp = 46 p s i s .  The average 

s p e c i f i c  volume is  ((2.45 + 1.86)/2)  o r  2.155 f t3/1b.  Therefore:  

hg = 46 x 144 x 2.155 = 1.43 x I O 4  f t .  (5-19) 

If an  i n c r e a s i n g  temperature  g r a d i e n t  were assumed, then  t h i s  

dep th  would be even g r e a t e r  s i n c e  t h e  s a t u r a t i o n  p re s su re  would be 

g r e a t e r ,  hence a Ap would i n c r e a s e  a l s o .  

The mass enclosed i n  this vapor zone can be c a l c u l a t e d  by: 

Even i f  t h e  o r i g i n a l l y  assumed dra inage  areas were 

underest imated by a f a c t o r  o f  10, and us ing  a p o r o s i t y  of  1.5%, t h e  

mass contained i n  a steam-dominated zone would be about 2% of  t h e  

t o t a l  nass- in-place,  240 x lo9 l b s  (Fig.  5-3). The s a t u r a t e d  l i q u i d  

s p e c i f i c  volume o f ,  vR,  a t  400°F and 240 p s i a  is  0.01864 f t 3 / l b .  

Hence, t h e  corresponding bulk volume of t h e  l i q u i d  under ly ing  t h i s  

steam zone would be given by: 

= 2.92 x 10l1 f t 3  ('b) R 
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Using k = 4.792 x lo6 f t 2  t h e  t h i c k n e s s  of t h e  under ly ing water 

zone is ( V b ) B / A  o r  6.09 x lo4 f t .  Apparent Ly, t h e  o r i g i n a l l y  

assumed dra inage  a r e a  was underest imated s i g n i f i c a n t l y .  Using a 

d ra inage  a r e a  t e n  t i z e s  t h e  o r i g i n a l ,  t h e  water zone t h i c k n e s s  

reduces  t o  about 5,000 f t .  

The nodel  e x t r a c t e d  from Ramey's (1970) a n a l y s i s  r e q u i r e s  a 

steam-dominated zone, over  14,000 fee t  t h i c k ,  u n d e r l a i n  by a bulk 

volume of 2.9 x 1O1I ft3 of  l i q u i d  water. !Che t h i c k n e s s  of t h i s  

water  zone d q e n d s  on t h e  es t ima ted  d ra inage  area. 

The requ i red  maximum bulk volurne f o r  t h e  Big Geysers area, 

S e t t i n g  Wp = i n c l u d i n g  a d s o r p t i o n ,  can be c a l c u l a t e d  us ing Eq. 5-17. 

Wi and p = 0 i n  t h a t  equa t ion ,  and then solving f o r  Ah, which is 

e q u i v a l e n t  t o  vb, w e  ob ta in :  

S u b s t i t u t i n g  numerical  va lues  used ear l ie r :  

2.4 x x 240 
= * 3.4 x loll f t 3  

18 x 300 x x 0.985 x 165 x 194 'b 
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This  i s  t h e  maximum bulk volune requi red  because t he  average 

va lue  of  t h e  i n i t i a l  p r e su re ,  must  have been h ighe r  than 194 p s i a  

which is  assumed as t h e  p re s su re  a t  t h e  top  of the  r e s e r v o i r .  Using 

reservoir p r e s s u r e  of 24.3 p s i a ,  t h e  bulk volurae is only s l i g h t l y  

h i g h e r  than t h e  requi red  under ly ing  l i q u i d  bulk volume ca l cu l a t ed  

e a r l i e r  i n  t h e  l a s t  subsec t ion  (Eq. 5-21). The r e s e r v o i r  t h i cknes s  

c a l c u l a t e d  u s ing  adso rp t ion  would be on ly  17% g r e s t c r  than the 

t h i cknes s  of t h e  p rev ious ly  requi red  under ly ing  l i q u i d  r e s e r v o i r .  

pi, 

5.5 Steam, Adsorbed Watctr and Noococdensable Gas Reservoi rs  

The r e s e r v o i r  p r e s su re  of a vapor-dominated r e s e r v o i r  conta in ing  

C O 2  dec reases  du r ing  product ion from t h e  i n i t i a l  va lue ,  pi, t o  a 

c u r r e n t  va lue ,  p. Re fe r r ing  t o  Eqs. 5-8 and 5-16, a volumetr ic  

ba lance  can be s t a t e d :  

Volume a t  p Expansion of or iginal :  steam and 

noncondensables (CO,) from pi t o  p 
L 

of desorbed water 

+ (1-5 )v  ] p NC'NC NC g 
= w [i 

volume a t  p of produced 

steam and noncondensables ((202) 
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where  Wi is t h e  t o t a l  i n i t i a l  lcass of water vapo'r and noncondenseble 

gases p r e s e n t ,  and W is  t h e  t o t a i  cumulat ive mass production.  

Equation 5-24 is w r i t t e n  i n  terms of average noncondensable gas 

concen t r a t ions ,  mUC du r ing  t h e  d e c l i n e  i n  r e se rv lo i r  p r e s s u r e  from pi 

t o  p. This concen t ra t ion  w i l l  be reduced as water is cont inuous ly  

P 

- 

A f t  

Appendix 

desa rb ing  wi th  d e c l i n i n g  pressure .  The i n i t i a l .  vapor- in-place may 

be c a l c u l a t e d  us ing  Eq. 5-10: 

w, = 0 ( 5-10 1 

I a l g e b r a i c  manipulat ion,  Eqs. 5-24 and 5-10 y i e l d  ( s e e  

I f o r  d e r i v a t i o n ) :  

m z  m r NC NC + [ MNC M 

0 P i / Z i  + - - 'NCi M 

N C i  N C i  Zi MN:: 

(1-m ) + m -- 
NC i N C i  Z MNC 

--I 'NC 

1-m + n! NC mNC 'NC 
1 - i U  

(i-$)prRT [T + MNC Z ] [ 
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A s impler  expression f o r  W can be produced. The r e l a t i v e  P 

magnitudes of t he  f o u r  terms on t h e  right- hand s i d e  of Eq. 5-25 can 

be es t imated  using t y p i c a l  geothermal r e s e r v o i r  va lues  f o r  t h e  

va r ious  parameters.  The values  used were: 

* 
= 422.6 p s i a  T = 910°R, P i  = 414 psis, P 

= 0.868 'i = 165 l b / f t 3 ,  P r  + = 0.05, 

Q = 300x10 l b  moles/lb of rock, mlnn = 10 mole$ 

The noncondensable 
- 

c02 
= 5 % ;  z 

2 co m 

can be evaluated:  

gas is assumed t o  be C02 only. Also assumed are: 

= 1 ; and Z = 0.872. With t he se  da t a ,  t h e  terms 

F i r s t  Term: 

&Pi - - ( 3 0 0 ~ 1 0 ~  (0 A721 (414 ) 
1 0 872 
44 2 * E0.05 - + (1-0.05) +] 422.6 - 'NC m - +  (I-: ) NC Y,, NC a 

= 5.43 x I O w 3  l b / l b  of rock 
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Second Term: 

where F1: 

and F2: 

- 
1 -m [$ + 

- 
mNC 'NC 

"C Z 

L m 

1VCi Z i  MyC 

'NC (1-m 1 + ibci 7- 
%C 

M 

1 -m 
N C i  

N C i  

= 0.29x10-' lb/lb of rock 

(1-9.1) + 0.1 

(1-0.1) + 0.1 
(0-872)  (44) 
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= 1 . 3 1 ~ 1 0 - ~  ( p )  lb/lb of rock 

Four th  Term: 

= 0.37~10’~ (p )  l b / l b  of rock 
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As t5e second 2nd f o u r t h  terms are much smztller than t h e  first  

and t h i r d ,  Eq. 5-25 can be s i m p l i f i e d  to :  

Equation 5-26 is  no t  a l i nea r  func t ion  o f  p. For low 

noncondensable gas  c o n c e n t r a t i o n s ,  i t  reduces t o  Eq. 5-16, whi le  f o r  

l a r g e  noncondensable gas concen t ra t ions ,  as i n  t h e  Bagnore f i e l d  i n  

I t a l y  which had an  i r i i t i a l  noncondensable gas concen t ra t ion  of  over 

80$, t h e  shape of t h e  curve is no t  l i n e a r .  

The g3s c o n c e n t r a t i o n ,  mNC, is no t  cons tan t  because cont inuously  

desorbing water d i l u t e s  t h e  gas phase. Thus, t h e  produced gas 

For a n  c o n c e n t r a t i o n  i s  a f u n c t i o n  of r e s e r v o i r  p ressure .  

i n f i n i t e s i m a l  increment of  t o t a l  product ion,  dWp, t h i s  material 

balance  a p p l i e s :  

dW = WdmNC mNC p (5-27) 

That i s ,  t h e  amount o f  noncondensable gas produced r e s u l t e d  i n  an 

equa l  r e d u c t i o n  i n  t h e  amount of  noncondensable gases  i n  t h e  

r e s e r v o i r .  
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?loreover, the total production results in an equal amount of 

nass desorbing from the originally adsorbed water, o r :  

Differentiating Eq. 3-1 with respect to p: 

dX = dp ( 5-29) 7 

Using Eq. 5-27 to substitute for dWp and Eq. 5-29 to substitue f o r  

dX, Eq. 5-28 can be rearranged to become: 

Separating variebles p and mNC, this equation becomes: 

( 5-31) 
U dmNC 

NC 

-dp=- 
P"W m 

Integrating between pi and p, and m N C i  and m ~ c ,  and then solving 

f o r  mNC: 

e - a! Pi -P 1 / WP" 
NCi mNC = m ( 5-32) 

Equation 5-32 is significant because it expresses the 

noncondensable gas cvncentration as a function of pressure. If the 
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only  " n m  vapor" f l u i d  p resen t  was i n  t h e  forn  of  adsorbed water, 

t h m  t h e  preceding a n a l y s i s  is  a p p l i c a 3 l e .  I f  under ly ing l i q u i d  

water is p r e s e n t ,  then t h e  concondensable gas concen t ra t ion  may not  

obey t h e  a n a l y s i s .  I n  f a c t ,  t h e  c o n c e n t r a t i o n  may i n c r e a s e  due t o  

gas  l i b s r a t i o n  from the  l i q u i d  water zone. The theory presented he re  

i n d i c a t e s  t h a t  a graph of  l o g  mmc ve r sus  p should y i e l d  a s t r a i g h t  

l i n e .  An a p p l i c a t i o n  of t h i s  equat ion is  provided i n  an example 

conta ined i n  s u b s e c t i o n  5.6. 

To develop a comprehensive m a t e r i a l  balance  equa t ion  for a 

vapor-dominated geothermal r e s e r v o i r  whose noncondensable gas  content  

dec reases  with i n c r e a s i n g  product ion,  Eq. 5-26 is  first w r i t t e n  i n  

d i f f e r e 2 t i a l  form: 

Using Eq. 5-32 and i n t r o d u c i n g  the cons tan t s :  

* 
=k 

(5-33) 

( 5-34 1 

L a 2  

and 
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K = '  
3 F  

Equation 5-33 becomes: 

I n t e g r a t i o n  between 0 and Wp,  and pi and p y i e l d s :  

( 5-36 

( 5-37) 

(5-38) 

Equation 5-38 with  t h e  a s s o c i a t e d  Eqs. 5-34, 5-35 and 5-36 

p rov ides  a comprehensive s t a tement  of t h e  material bs lance  equat ion 

f o r  a vapar-dominated geothsrmal r e s e r v o i r  c o n t a i n i n g  a decreas ing  

amount of noncondensable gases.  When small q u a n t i t i e s  o f  gases  are 

p r e s e n t ,  then t h e  much s imple r  Eq. 5-17 should be used. 

5.6 Appl ica t ion  of t h e  Carbon 3 iox ide  Deple t ion Model t o  t h e  

Bagnore F i e l d  i n  I t a l y  

The Bagnore f i e l d ,  nea r  t h e  M t .  Amiata Volcano i n  Cen t ra l  I t a l y  

began producing i n  1359. The i n i t i a l  noncondensable gas con ten t  was 

more than 80% by weight,  n o s t  of which w3s C02. During t h e  first  few 

y e a r s  o f  Product ion,  t h e  noncondensable gss con ten t  dropped t o  about 

10% by weight. Atkinson e t  a l .  (1978) presented a s tudy  of t h e  
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thercodynanic behavior of the  %ignore f i e l d .  The i r  r e s u l t s  i n d i c a t e d  

t h a t  a l a r g e  a c c u m l a t i o n  of  noncondensable gases  was p resen t  i n  t h e  

r e s e r v o i r ,  i n i t i a l l y ,  and t h s t  t h e  C02 p r e s e n t  could not  be der ived 

from l o c a l  carbonate  rocks.  

F igure  5-4 i s  t h e  p r e s s u r e  h i s t o r y  o f  t h e  r e s e r v o i r  from i ts  

i n i t i a l  s t a t e  (1959) t o  t h e  end of  1975, whi le  Fig.  5-5 p r e s e n t s  t h e  

noncondensabie gas con ten t  h i s t o r y  of t h e  sane  r e s e r v o i r .  A 

development in t roduced ea r l i e r  i n  t h i s  s e c t i o n ,  i n t e r p r e t s  t h e  

d e c l i n e  i n  t h e  noncondensahle gas  c o n c e n t r a t i o n  as due t o  t h e  

desorbing l i q u i d .  Equation 5-29 sugges t s  t h a t  a p l o t  of l o g  mNC 

versus  r e s e r v o i r  p r e s s u r e  should y i e l d  a s t r a i g h t  l i n e .  For t h e  

Bagnore f i e l d ,  such a graph i s  presented i n  Fig. 5-6. The t ren4s  on 

t h e  graph a t  esrly time do not obey t h e  theory :presented ear l ie r  i n  

t h i s  s e c t i o n .  I n s t e a d ,  they show a slow d e c l i n e  a t  f i r s t  followed by 

a rapid  semi- log l a r g e l y  l i n e a r  dec l ine .  The d a t a  nay i n d i c a t e  t h e  

presence o f  a noncondensable gas  cap followed by gas  product ion 

through the  main r e s e r v o i r  where t h e  d i l u t i o n  of  t h e  noncondensable 

gas c o n c e n t r s t i o n  through f l u i d  desorp t ion  becomes p reva len t .  
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SECTIOR SIX 

T3ANSIZJT PRESSUEE WELL TEST ANALYSIIS FOR A 

VAPGR-D3KINATED GEOTilERMAL RESERVOIR 

I n  t h e  previo::s s e c t i o n ,  new methods f o r  i n t e r p r e t i n g  f i e l d  

product ion dsta show t h a t  adso rp t ion  e f f e c t s  o f f e r  a p l a u s i b l e  

exp lana t ion  f o r  t h e  en13rmous poros i ty- th ickness  products  t h a t  r e s u l t  

ftom convent iona l  expansion material balance a n a l y s i s  f o r  vapor- 

dominated geothermal r e s e r v o i r s .  

Indeed, i f  core  stimples can be used t o  determine t h e  a c t u a l  

adso rp t ion  behavior  and t h e  mat r ix  p o r o s i t y  f o r  a p a r t i c u l a r  

g e o t h e r m l  format ion ,  then the  r e s e r v o i r  volume nay be e s t i s a t e d  from 

t h e  methods p rev ious ly  d e t a i l e d .  I n  p a r t i c u l a r ,  f o r  an es t imated  

a r e a l  e x t e n t ,  a n s t e r i a l  ba lance  can be used t o  e s t ima te  t h e  average 

r e s e r v o i r  t h i c k n s s s  , which f o r  geothermal wells i s  g e n e r a l l y  no t  

kr,own 5ecause d r i l l i n g  through t h e  e n t i r e  steam zone is d i f f i c u l t  and 

hazardous. 

The product ion data requi red  f o r  material ba lance  a n a l y s i s  may 

t ake  cne o r  more yea r s  t o  develop. I n  t h e  meantime, mu l t i p l e  well 

t r a n s i e n t- p r e s s u r e  well tests nay he used t o  estimate such formation 

p r a m e t a r s  as the permeabi l i ty- th ickness  and poros i ty- th ickness  

products .  These tests provide an inmediate  method f o r  determining an 

i n i t i a l  r e s e r v o i r  d e s c r i p t i o n .  

I n  t h i s  s e c t i o c ,  t h e  e f f e c t s  o f  a d m r p t i o n  will be incorpora ted  

i n t o  t h e  nodel  by Varren and Root (1963) f o r  na tu ra l l y- f r ac tu red  

f o r n s t i o n s .  The r e s u l t i n g  nethod of a n a l y s i s  p rovides  a means f o r  
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d i s  t i c g u i s h i n g  between f r a c t u r e  and mat r ix  parameters which, when 

accompanied by exper imenta l  data o r  a c t u a l  forrcation samples, provide 

a comprehensive f u r x a t i o n  d e s c r i p t i o n .  

The d e r i v a t i o n  of t h e  e x t e m i o n  t o  t h e  Warren and Root (1963) 

a n a l y s i s  r e q u i r e s  c e r t a i n  assumptions that  may be v i o l a t e d  i n  t h e  

vapor-dominated system. To i n v e s t i g a t e  the  s e n s i t i v i t y  of t h i s  model 

t o  d e p a r t u r e s  from t h e  necessa ry  assumptions,  a r a d i a l  numerical 

model (wi thout  t h e  assumptions) was developed. As w i l l  be shown i n  

S e c t i o n  Seven, a numerical  model v a l i d a t e s  t h e  assumptions used i n  

t h i s  s e c t i o n  and, hence, j u s t i f i e s  t h e  simp1if:Led approach i n  t h e  

a n a l y t i c a l  model. F i n a l l y ,  i n  Sec t ion  Seven, an example shows how 

t h e  xiew method of  a n a l y s i s  nay be app l ied  t o  a geothermal well t e s t  

u s i n g  t r a n s i e n t  p r e s s u r e s  genera ted by the  n u n e r i c a l  model. 

Almost a l l  geothermal r e s e r v o i r s  are found i n  n a t u r a l l y-  

f r a c t u r e d  format ions .  I n  t h e  a n a l y s i s  of a n a t u r a l l y- f r a c t u r e d  

model, most i n v e s t i g a t o r s  cons ide r  two porous media reg ions  both 

w i t h i n  t h e  conf ines  of a r e s e r v o i r .  Warren and 'Root (1963) used the  

term "primary poros i ty"  when r e f e r r i n g  t o  t h a t  of t h e  matr ix  and the  

term "secondary" when r e f e r r i n g  t o  t h a t  of  t h e  f r a c t u r e s .  I n  t h e  

Warren m d  Root a n a l y s i s ,  t h e  f r a c t u r e d  medium c o n s i s t s  of  a mat r ix  

where most of the  f l u i d  is s t o r e d ,  while t h e  f r a c t u r e d  zones s e r v e  as 

t h e  main condui t s  f o r  f l u i d  flow. 

I n  t h e  case of geothermal steam, t h e  adsorbed f l u i d  c o n t r i b u t e s  

s i g n i f i c a n t l y  t o  the  t o t a l  production.  S ince  t h e  mat r ix  volume is  
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o r d i n a r i l y  much l a r g e r  than  t h e  volurre occupied. by f r a c t u r e s ,  t h e  

n o t i o n  t h a t  most f l u i d  i s  s t o r e d  w i t h i n  the  matrix i s  enhanced. 

I n  t h e  convent ional  two- porosity a n a l y s i s  of a f r a c t u r e d  

r e s e r v o i r ,  t h e  fo l lowing  assumptions are  used: 

( a )  The system c o n s i s t s  of a zone of primary p o r o s i t y ,  

a zone of secondary p o r o s i t y ,  

Qma and 

+f 

(b )  F r a c t u r e s  are randomly o r i e n t e d  and evenly  d i s t r i b u t e d  

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

( c )  Pseudo-steady s t a t e  occurs  between elements of t h e  matr ix  

and t h e  f r a c t u r e s ,  bu t  no flow occurs  through t h e  matrix. 

I n  o t h e r  words, f l u i d  f lows t o  t h e  producing wells through 

a s e r i e s  of i n t e r c o n n e c t i n g  f r a c t u r e s .  While t h i s  

a ssunp t ion  may be an i d e a l i z a t i o n ,  it i : 3  not  u n l i k e l y  s i n c e  

t h e  pe rmeab i l i ty  of  s o l i d  geothermal rocks  has been 

exper imenta l ly  measured a t  1 md o r  less,  whi le  bulk well 

tests sugges t  p e r m e a b i l i t i e s  a t  2 t o  3 o r d e r s  of magnitude 

h i g h e r  This i m p l i e s  a nuch h i g h e r  t r a n s m i s s i v i t y  

e x c l u s i v e l y  because of t h e  f r a c t u r e s .  

To account f o r  adsorbed water  i n  t h e  vapor-dominated steam 

r e s e r v o i r ,  t h e  fo l lowing  two assumptions are added: 

I. Flu id  i n  t h e  mat r ix  can be found i n  two forms: steam o r  

adsorbed water. The r e l a t i v e  magnitude o f  t h e s e  was discussed 

e a r l i e r .  I t  was found t h a t  adsorbed water may i n c l u d e  most of t h e  

f l u i d  i n  a "vapor-dominated" g e o t h e r a a l  reservoir. 
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2. Besorpt ion of adsorbed water and t h e  e n t i r e  r e s e r v o i r  

d e P l e t i o n  is  c o n s i i e r e d  a s  an i so the rmal  process .  

9 e s o r ? t i o n  of t h e  l i q u i d  water t a k e s  p l a c e  as t h e  p ressure  i n  

t h e  matrix i s  lawered due t o  product ion of g e o t h e m a l  steam. 

A balance  of i n s t a n t a n e o u s  mass r a t e s  can be  x r i t t e n  f o r  

n a c r o s c a p i c a l l y  l i n e a r  flow i n  t h e  p o s i t i v e  x d i r e c t i o n  i n  a 

f r a c t u r e d  h o r i z o n t a l  r e s e r v o i r  element of l e n g t h  dx and cross- 

s e c t i o n a l  area A t r a n s v e r s e  t o  t h e  d i r e c t i o n  of flow: 

S a t e  of d e p l e t i o n  of 
steam nass  i n  element desorp t ion  

+ Rate of  H20 Outflow Rate - Inflow Rate 

- 
i n  which W is  t h e  ins tan taneous  mass rate of flow pe r  u n i t  of 

c r o s s- s e c t i o n a l  area, and is equa l  t o  t h e  product  of steam d e m i t y  

and nacroscopic  v e l o c i t y ,  (pv) . 
L e t t i n g  5x + 0 , t h e  d e f i n i t i o n  of a p s r t i a l :  d e r i v a t i v e  l e a d s  

t o  : 
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The f i rs t  t e r n  of Eq. 5-24 i n  t h e  previous  s e c t i o n  is  t h e  volume 

of steam formed from desorbed water  when t h e  r e s e r v o i r  p ressure  

drops  from pi t o  p i n  a mass mr of  r e s e r v o i r  rock. I n  

t h e  p r e s e n t  i n s t a n c e ,  mr is t h e  mass of r e s e r v o i r  element under 

d i s c u s s i o n ,  ( 1  -+f-Qma)pr Ae6x and p i n  Eq. 5-24 becomes pma. 

Hence, t h e  va lue  of t h e  l as t  term i n  Eq. 6-1 may be obta ined by 

d i f f e r e n t i a t i n g  t h e  desorp t ion  e x p r e s s i o s  with r e s p e c t  t o  time: 

o r  f u r t h e r :  

Equation 6-2 may be used t o  s u b s t i t u t e  f o r  t h e  f i r s t  two terms i n  Eq. 

6-1, while  Eq. 6-4 may be used t o  s u b s t i t u t e  f o r  t h e  term i n  Eq. 6-1 

d e s c r i b i n g  t h e  water desorpt ion.  F i n a l l y ,  t h e  d i f f e r e n t i a t i o n  i n  t h e  

bracketed express ion  on t h e  r ight- hand s i d e  of Eq. 5-1 may be 

perforned.  A l l  of t h e  above r e s u l t  in :  
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The l e f t- hand  s ide can be evaluated through a p p l i c a t i o n  of t h e  

rea l- gas  law and Darcy's l a w :  

(6-7) 

Using s r i t h m e t i c  average va lues  of pf,  11, and Z as an approximation 

over  t h e  p r e s s u r e  range o f  i n t e r e s t ,  Eq. 6-7 can be s i m p l i f i e d  t o :  

The r ight- hand s i d e  o f  Eq. 6-5 can be s i m p l i f i e d  by assuming first 

t h a t  4, and qma are independent of t ime,  and secondly t h a t  e i t h e r  

i n  t h e  mat r ix  pores  o r  the  f r a c t u r e s  t h a t :  

70 



. & = E ; &  
a t  a t  

Thus, Eq. 6-5 can be w r i t t e n  a s :  

(6-9) 

(6-1 0) 

pk and r e a r r a n g i n g ,  Eq. 6-10 can be put i n  t h e  
I.r 
- Dividing through by 

f o m :  

aPma 
apf -- a2Pf - - - 2 $ c - + E [ $  + * (l-$f-$ma)pr] 7 (6-11) 2 k f a t  k ma - 

ax ?* P 

F o r  convenience and f o r  comparison with t h e  work of Warren and Root 

(1963), t h e  bracketed q u a n t i t y  may be def ined as t h e  effective steam 

c a p s c i t y ,  $est 8 which can be  used t o  s u b s t i t u t e  f o r  t h e  terms 

c o n t a i n i n g  mat r ix  p o r o s i t y  and adsorbed f l u i d .  

7 1  



Equation 6-1 1 can be reduced t o :  

(6-1 2) 

(6-1 3) 

Equation 6-13 rel ies on an a d d i t i o n a l  assumption t h a t  t h e  steam 

c o m p r e s s i b i l i t y  is  cons tan t .  S ince  steam is a r e a l  gas, 

t h e  c o m p r e s s i b i l i t y  is  a f u n c t i o n  o f  p r e s s u r e ,  however, t h e  

v s r i a t i o n  i n  A second 

assumption r e i u i r e d  Sy t h i s  model is  t h a t  t h e  steam d e n s i t y  a l s o  does 

n o t  vary  much over  t h e  p r e s s u r e  range of i n t e r e s t .  The numerical  

model t o  be desc r ibed  i n  Sec t ion  Seven was used t o  v a l i d a t e  t h e s e  

assumptions.  

cs is  small over a wide renge of p ressures .  

Equation 6-13 i s  analogous t o  t h e  two-porosity a n a l y s i s  

p resen ted  by Warren and Root (1963). k ’ r i t t en  i n  r a d i a l  coord ina tes ,  

Eq. 6-13 becomes: 
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This  equa t ion  can be c a s t  i n  d imensionless  form by us ing  a 

parameter, u, , defiDed by: 

w '  
J. 

'f + @esc 
(6-15) 

The analogous express ion  i n  t h e  Warren and Root (1963) a n a l y s i s  

c a n t a i n s d  t h e  f r a c t u r e  and mat r ix  c o m p r e s s i b i l i t i e s ,  which can be 

omit ted  i n  t h e  case  of steam r e s e r v o i r s  because steam c o m p r e s s i b i l i t y  

i s  l a r g e r  by two o r d e r s  of  magnitude when corcpared with t h e  f r a c t u r e  

and mat r ix  c o m p r e s s i b i l i t i e s .  The c o m p r 2 s s i b i l i t y  of  the  adsorbed 

water i s  a l s o  small and i t  can be s a f e l y  omit ted .  

The dimensionless  form of Eq. 6-14 is then: 

(6-16) 
arD* rD arD 

Equations of t h i s  tjrpe have been solved 'by a number of i n v e s t i g a t o r s  

b e s i d e s  Warren and Root, i n c l u d i n g  Kazemi (1969), S t r e l t s o v a  (1976) 

and Mavor and Cinco (1979). The mat rix- f r a c t u r e  i n t e r a c t i o n  i s  

desc r ibed  by Warren and Root (1963) and Xavor and Cinco (1979) as 

pseudo- steady s t a te  p ressure  r e l a t i o n s h i p :  
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(6-1 7 )  

where A is  t h e  "dimensionless m a t r i x / f r a c  t u r e  pe rmeab i l i ty  r a t i o "  

given by : 

(6-1 8) 

and where a i s  a shape f a c t o r  r e f l e c t i n g  t h e  geometry of t h e  matr ix  

elements.  

Equation 6-17 is an approximation. Flow of  f l u i d  out  of t h e  

mat r ix  rock i n t o  t h e  f r a c t u r e s  must fo l low a p r e s s u r e  g r a d i e n t  wi th in  

t h e  mat r ix  which cannot be represen ted  by one p e s s u r e ,  pma. 

Yowever, t h e  e r r o r  in t roduced by t h i s  approximation was assumed by 

Warren arid Root (1963) t o  be i n s i g n i f i c a n t .  

Kazemi (1969) used a f i n i t e  d i f f e r e n c e  model which d id  

i n c o r p o r a t e  a t r a n s i e n t  p r e s s u r e  d i s t r i b u t i o n  i n  t h e  matr ix .  

However, t h e  d i f f e r e n c e s  between t h e  two approaches were minor, t h u s ,  

j u s t i f y i n g  Warren and Root's approximation of cons tan t  p ressure  

w i t h i n  t h e  matr ix .  

Equations 6-16 and 6-17 wi th  i n i t i a l  and boundary cond i t ions  t o  

account  f o r  t h e  w e l l  and r a d i a l  flow of  unl imi ted  e x t e n t  are 

i .den t i ca1  i n  form t o  t h e  equa t ions  solved by Warren and Root 
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(1963). The s o l u t i o n  of t h e  p re s su re  behavior  for a cons t an t  flow 

r a t e  well e x h i b i t s  c e r t a i n  i n t e r e s t i n g  f e a t u r e s  t h a t  have been used 

t a  c a l c u l a t e  r e s e r v o i r  parameters.  I n  p a r t i c u l a r ,  a graph of flowing 

p r e s s u r e ,  pwf ve r sus  log of  time resul ts  i n  two d i s t i n c t  s t r a i g h t  

l i n e s  of t h e  same s l o p e ,  n, and separa ted  by a v e r t i c a l  p r e s su re  

d i f f e r e n c e ,  6p. 

Warren and Root (1963) first r e l a t e d  n, 6p and w, while 

Earlougher  (1977) presen ted  a p r a c t i c a l  example o f  t h e i r  use  i n  

de te rmin ing  t h e  permeabi l i ty- th ickness  and t h e  f r a c t u r e  pore  

volume. The r e l a t i o n s h i p  is: 

I n  convent iona l  two-porosity systems, a form s i m i l a r  t o  Eq. 6-15 

i s  used t o  c a l c u l a t e  t h e  r e l a t i o n s h i p  between matrix and f r a c t u r e  

p o r o s i t y  and a s s o c i a t e d  r e s e r v o i r  voluxes. However, i n  t he  case  of 

f r a c t u r e d  stearn r e s e r v o i r s ,  t h e  fo l lowing  exanple  shows t h a t  n e g l e c t  

o f  adso rp t ion  phenonena may r e s u l t  i n  t h e  c a l c u l a t i o n  of  an 

u n r e a l i s t i c  and s i g n i f i c a n t l y  under- estimated va lue  f o r  t h e  f r a c t u r e  

po ros i t y .  

Example 6.1: Adsorption Effects i n  Two-Porosity Re la t i onsh ips  

A comparison of  r e s u l t s  i s  presen ted  t o  demonstrate t h e  

s i g n i f i c a n c e  o f  t h e  adso rp t ion  e f f e c t .  I n  t h e  first case, bf is 
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c a l c u l a t e d  i gno r ing  adso rp t ion  phenomena. In t h e  second case, $f 

is c a l c u l a t e d  f o r  a s l i g h t l y  superheated geothermal 

reservoir with a temperature  of 446’F (P” = 405 p i a ) ,  and 

a pressure of 397 ps i a .  The d e n s i t y  of  steam i s  0.98 lb / f t 3 .  

The adso rp t ion  cons t an t ,  a as  es t imated  from Hsieh’s  work f o r  

unconsol idated sand i s  approximately 76 x 1 6  lb moles/lb of 

rock. For a t y p i c a l  sands tone ,  p, = 155 l b / f t 3 .  

The va lues  f o r  @ f  i n c lud ing  adso rp t ion  effects,  were ca l cu l a t ed  

u s i n g  Eo_. 6-15 and t h e  d e f i n i t i o n  of $e,c given by Eq. 6-12. 

S u b s t i t u t i n g  Eq. 6-15 i n t o  Eq. 6-12 and r ea r r ang ing  r e s u l t s  i n :  

1 1 - (1-a’)w 

where : 

For  cs = 1 f 0.0362, and a’ = 0.228 
P 

76 

(6-20) 

(6-21 ) 

(6-22) 



Figure  6-1 i s  a graph o f  $f versus  @ma with  w as the  

parameter. Dashed l i n e s  are t h e  ca lcu la ted  va lues  of @f ignoring 

adsorbed water. S o l i d  l i n e s  represen t  ca lcu la ted  va lues  o f  Qf 

t ak ing  i n t o  account adsorbed water. 

To demonstrate t h e  s i g n i f i c a n c e  of  Fig. 6-1, assume t h a t  from a 

f 6% and w f 0.3. From t h e  f i g u r e ,  a well test  a n a l y s i s ,  

f r a c t u r e  p o r o s i t y  of  0.025 is  obtained i f  adsorp t ion  i s  ignored,  

while t h e  a c t u a l  f r a c t u r e  p o r o s i t y ,  t ak ing  i n t o  account adsorbed 

water is equal  t o  0.105, a four- fold increase .  

@ma 

Figure  6-1 shows t h a t  the  e r r o r  i n  the  ca lcu la ted  value  f o r  t h e  

f r a c t u r e  poros i ty  i n c r e a s e s  f o r  smaller values  of the  matr ix  

poros i ty ,  and f o r  i n c r e a s i n g  va lues  of a i f  adsorp t ion  e f f e c t s  a re  

ignored.  

Squation 6-20 can be used t o  c a l c u l a t e  the  f r a c t u r e  p o r o s i t y  

from t h e  s tandard two-porosity method of a n a l y s i s  provided t h a t  t h e  

matrix p o r o s i t y  and t h e  value  of the  adsorpt ion cons tan t ,  0, have 

been determined exper imental ly .  I n  the  next s e c t i o n ,  an  example w i l l  

i l l u s t r a t e  the method f o r  analyzing a geothermal well test  f o r  a 

vapor-dominated system which a l lows f o r  t h e  adsorp t ion  effects .  
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Figure 6-1 Crossp lo ts  of t h e  F rac tu re  and Matrix P o r o s i t i e s  

f o r  Example 6-1 (Calculated Using Equation 6-22) 
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SECTION SE'JEN 

A NUMERICAL MODEL TO VERIFY THE ANALYTICAL 

SOLUTION 33SCRIBING THE EEHAVIOR OF A GEOTHERMAL 

RESEEVOIR COiJTAINIBG ADSOREED WATER 

Der iva t ion  of  t h e  a n a l y t i c a l  s o l u t i o n  f o r  steam flowing i n  a 

two-porosity system, wi th  o r  without adsorbed water, requi red  

asscmptions t h a t  t h e  steam d e n s i t y  be approximately cons tan t  and the  

steam c o a p r e s s i b i l i t y  be both small and cons tan t .  To check t h e s e  

assumptions,  a rad ia l  f i n i t e  d i f f e r e n c e  model was developed. The 

d e r i v a t i o n  f o r  t h e  numerical model follows. 

F i r s t ,  Eq. 6-7 is  r e w r i t t e n  i n  r a d i a l  coord ina tes :  

l a  --- 
r a r  RTZ p ar  

a ~ ,  [r 
ax 

The v s r i a t i o n  in steam v i s c o s i t y  with p re s su re  i s  neglec ted  i n  

Eq. 7-1. The t ransformat ion  u * Rn ( r / r W )  r e s u l t s  i n  t h e  fol lowing:  
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For t he  terms on t h e  r i g h t  hand s i d e  (RIIS) of Eq. 6-5, t h e  steam 

d e n s i t y  i s  aga in  approximated by t h e  r e a l  gas law: 

(7-3) 

Thus, r e s u l t s  i n  t h e  fo l lowing  express ion  f o r  t h e  r i g h t  hand 

s i d e  of Eq. 6-5: 

(7-4) 

Dividing both s i d e s  of t h e  equa t ion  by t h e  cons t an t  kfM/pRTrW2 

y i e l d s  : 

(7-5) 
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The cons t an t  158 i s  a conversion c o P f f i c i e n t  f o r  t h e  u n i t s  used i n  

Eg. 7-5 which irre p ( p s i ) ,  p ( c p ) ,  rw ( f t ) ,  T(OR), P, pr 

( l b / f t 3 )  0 ( l b  moles/ lb of rock) ,  t ( h r s ) .  
- 

I n  Eqs.  7-4 and 7-5, Z refers  t o  Z eva lua ted  a t  t h e  a r i t h m a t i c  

Z f ,  o r  
- 

average  p r e s s u r e  over  t h e  time i n t e r v a l  i n  t h e  f r a c t u r e  f o r  

i n  t h e  ma t r ix  f o r  
- 
‘ma 

The cond i t ion  f o r  flow between t h e  ma t r ix  and f r a c t u r e  reg ions  

f o r  an  i n f i n i t e s s i n a l  vol-une o f  ma t r ix  bV is  g iven  by: 

where 6s i s  t h e  c r o s s  s e c t i o n a l  a r e a  f o r  f low out  of  t h e  matr ix.  As 

t h e r e  i s  no flow through t h e  ma t r ix ,  t h e  term f o r  f low i n t o  t h e  

ma t r ix  element is  e l iminated .  

A s  i n  t h e  Warren and Root (1963) a n a l y s i s ,  t h e  f low ou t  o f  t he  

ma t r ix  is  approximated by a pseudo-steady s t a te  flow: 

(7-7) 



where 

t h e  mat r ix  elemect.  

area is  g iven  by t h e  geometr ic  f a c t o r ,  

6s’ i s  6 s / d  and R is  t h e  l e n g t h  t he  f l u i d  must t r a v e l  t o  l eave  

The r a t i o  of t he  volume of  matr ix  t o  its s u r f a c e  

a: 

w 63’/6V (7-8) 

By argunents  analogous t o  t h e  d e r i v a t i o n  of Eq. 7-5, t h e  

equa t ion  f o r  flow between t h e  mat r ix  and f r a c t u r e  is given by: 

- - 
where P (pma + pf) /2  and Z is evaluated a t  c .  

Equat ions 7-5 and 7-9 were solved numericailly s u b j e c t  t o  the  

fo l lowing  i n i t i a l  and boundary condi t ions :  

(7-10) 
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(7-11) 

P i  l i m  p,, l i m  pf 5 
r- r-m 

(7-12) 

Tquation 7-5 was d i f f e renced  using a v a r i a b l y  i m p l i c i t  scheme s i m i l a r  

t o  t h a t  used  by Kazemi (1369): 

kf 

1 
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whers : 

and 

f o r  j f 1, ..., N. 
?he time i n t e r v a l  f o r  each time s t e p  was increased  by a cons tan t  

m u l t i p l i e r .  This  r e s u l t s  i n  approximately l i n e a r  changes i n  the 

p r e s s u r e s  throughout  t h e  g r i d ,  which i n  t u r n  al lows a s imple 

e s t i m a t i o n  o f  t h e  p re s su re  d i s t r i b u t i o n  from one time s t e p  t o  t h e  

next .  
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The c o n s t a n t ,  12958, mul t ip ly ing  t h e  mass flow rate i n t o  t h e  

well is  a convers ion f a c t o r  f o r  t h e  v a r i a b l e s  cornmonly used i n  steam 

flow [W ( l b s / h r ) ,  ~ ( C P ) ,  T ( O R > ,  k(md) and h ( f t ) ]  

F i n a l l y ,  

Equation 7-13 provides  a system of  l i n e a r  equa t ions  t o  s o l v e  f o r  

f o r  j f 1, . . , N. However, t h e  c o e f f i c i e n t s  of  each term t h e  P j  

i n  t h e  equa t ion  are dependent on t h e  s o l u t i o n  fo:r the  p jn+l. Hence, 

n+l are es t imated  us ing  a l i n e a r  e x t r a p o l a t i o n  the  voluines f o r  t h e  

o f  p r e s s u r e  with r e s p e c t  t o  t h e  logar i thm of A t .  The t r i d i a g o n a l  
'j 

n a t r i x  f o r  t h e  system of  equa t ions  is solved us ing  t h e  Thonas 

a lgor i thm ('Jon Rosenburg, 1969) and t h e  r e s u l t i n g  new pressures  a r e  

cocpared wi th  t h e  es t ima ted  values .  If any c a l c u l a t e d  p r e s s u r e  

d i f f e r s  from t h e  e s t i n a t e  f o r  any node, t h e  c a l c u l a t e d  p ressures  are 

used  t o  update t h e  c o e f f i c i e n t s ,  and t h e  system i s  solved aga in  u n t i l  

t h e  p ressure  converge t o  the s o l u t i o n .  

After t h e  t r i d i a g o n a l  n a t r i x  is solved, but  be fore  t h e  

c o e f f i c i e n t s  are  r e c a l c u l a t e d  f o r  a n o t h e r  i t e r a t i o n ,  t h e  matr ix  

p r e s s u r e s ,  (pma) jncl, are c a l c u l a t e d  us ing  a rearrangement o f  t h e  

fo l lowing  equat ion:  
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r -  
I P j  

+ ( I - a )  1 - - 
Lzj 

n 1 
(7-14) 

As with t h e  f r a c t u r e  p re s su re s ,  estimtites f o r  t h e  matr ix  

p re s su re s  are rep laced  by c a l c u l a t e d  va lues .  Convergence is achieved 

when both f r a c t u r e  and mat r ix  p re s su re s  are unchanged wi th in  a p r e s e t  

t o l e r a n c e  f r o n  one i t e r a t i o n  s t e p  t o  t h e  next .  

Th i s  scheme converges r e a d i l y  i n  t h r e e  o r  f o u r  i t a r a t i o n s  except  

a t  very l a t e  t i n e  bezause t h e  n e a r  e q u a l i t y  o f  t h e  mat r ix  and 

f r a c t u r e  p re s su re s  cause t h e  c a l c u l a t i o n  t o  be uzs t ab l e .  

A r e p r e s e n t a t i v e  model run is  shown i n  Fig. 7-1 showing r e s u l t s  

f o r  40 l o g a r i t h m i c a l l y  spaced g r i d  p o i n t s ,  an  i n i t i s l  time s t a p  of 

1.10’12 days, a3d 8 time s t e p  i n c r e a s e  f a c t o r  of 1.58. ( I n i t i a l  t i n e  

s t e p  choice  is  dependent on t h e  parameters  chosen f o r  a p a r t i c u l a r  

model run. The time s t e p  i n c r e a s e  f a c t o r  is chosen a r b i t r a r i l y  f o r  

g raphing  convenience).  F igure  7-1 shows t h a t  t he  t r a n s i e n t  p r e s su re s  

f o r  t h e  well form a t rend  t h a t  i s  qua1itative:Ly i n d i s t i n g u i s h P b l e  

from t h e  k‘srren and Root (1963) behavior .  Curve :L r e p e s e n t s  t h e  
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l i a i t i n g  crlse where t h e r e  i s  no matrix permeabi l i ty  and the  e n t i r e  

flow is  through t h e  f r s c t u r e  and with f l u i d  s t o r e d  i n  t h e  f r a c t u r e s  

a lone .  

Curves 2 and 4 show t h e  p re s su re  response a t  t h e  we l l  f o r  t h e  

f r a c t u r e  and mat r ix  r e s p e c t i v e l y  when no adsorbed water is  taken i n t o  

account .  As i n  t h e  Warren and Root (1963) a n s l g s i s ,  t h e  f r a c t u r e  

p re s su re  s h o m  a depa r tu re  from t h e  semi- log s t r a i g h t  l i n e  with 

subsequent  r e t u r n  t o  a p a r a l l e l  s t r a i g h t  l i n e .  A similar t rend  is 

demonstrated h e r e  i n  ca rves  3 and 5. These r e s u l t s ,  t h a t  i nc lu3e  t h e  

adso rp t ion  phenomenon, a l s o  e x h i b i t  an e a r l y  time depa r tu re  from t h e  

s t r a i g h t  l i n e  wi th  a subsequent  r e tu rn .  This  depa r tu re  is  

s i g n i f i c a n t l y  prolonged when corcpared t o  a model where t h e  adso rp t ion  

yhenonensn is  ceg lec t ed .  

The va lues  o f  t he  r e s e r v o i r  parameters  used f o r  t h e  model run i n  

Fig. 7-1 are l i s t e d  i n  Table 7-1. Tabulated r e s u l t s  of t h e  s imulated 

data  appear  i n  Table 7-2. 

Example 7.1: Exsmple Ca lcu l a t i on  of Reservoi r  Parameters from 

Simulated F i e ld  Data 

To exp la in  t h e  imp l i ca t i ons  of t he se  r e s u l t s  b e t t e r ,  t h e  da t a  

shown in Fig. 7-1 are analyzed us ing  the ex tens ion  of t h e  Warren and 

Root (1963) a n a l y s i s  descr ibed  ea r l i e r  i n  t h i s  eiection. F igure  7-2 

i s  a semi- log graph of s imula ted  flowing bottom h o l e  p re s su re s  of  a 

vapor- doninated geothermal w e l l .  
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TABLE 7-1 

Rese rvo i r  Parameters  t o  Generate P i p r e  (7-1) 

F r a c t u r e  Pe rmeab i l i t y ,  kf f 1000 

Matrix Pe rmeab i l i t y ,  

F r a c t u r e  P o r o s i t y ,  6, f 0.001 

f 1 md kma 

Y a t r i x  P o r o s i t y ,  $ma = 0.05 

md 

9 e n s i t y  of Rock 

Rese rvo i r  Temperature, T = 919°2 

Pormstion Thickness,  

Wellbore Iisdius 

I n i t i a l  P re s su re ,  

Warren and Root Geometric Fac to r ,  

Adsorpt ion C o e f f i c i e n t ,  

Steam Flow Rste, W f 150,000 l b / h r  

Saturstion Pressure, p = 423 psia 

Steam V i s c o s i t y ,  

pr  = 165.4 l b / f t 3  

h f 200 f t  

rw f 0.316 f t  rw 

f 420 p s i a  P i  

a 6 0.01 

D = 7 8 ~ 1 0 ~ ~  rnoles/lb of rock 

* 

p = 0.02 cp 
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TAELE 7-2 

Simulated P r e s s u r e  Response i n  a Two-?oorosity 

Vapor-Dominated Rese rvo i r  

Without Adsorption (Warren & soot, 1963) 

378 
365 
35 1 
34 1 
338 
336 
31 6 
302 
28 5 
275 
260 

420 
4 20 
420 
41 9 
41 1 
351 
31 8 
302 
285 
275 
250 

With Adsorption 

378 
365 
35 1 
342 
340 
339 
328 
31 5 
300 
289 
27 0 

420 
420 
420 
420 
41 9 
403 
36 5 
31 5 
300 
289 
270 
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The slope of the straight line (between t = 1 and t = 10) is 

approximately 17 psi/cycle or 9605 psi2/cycle: 

- - 291 + 274 = 282.5, = 0.893 P =  2 

(7-1 5 

hence : 

14914.8 x 150,000 x 0.02 X 0.893 glo = 1,051 md (7-17) - 
kf - 9605 x 18 x 200 

The pressure difference between the two straight lines is 

Sp = 42 psi. Hence: 

Recalling that: 
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a, 

and tha t  : 

(6-12) 

and then us ing  t h e s e  d a t a :  

%a 

Pr 
p 282.5 psia and f 0.58 l b / f t 3  (from steam t a b l e s )  

0.95, a = 78 (from Hsieh) 
165.4 l b / f t 3 ,  p* = 423 p s i a  - 

S 

can be c a l c u l a t e d .  @esc 

Using Eq. 6- 15 and Eq. 7-19, t h e  f r a c t u r e  p o r o s i t y  can be c a l c u l a t e d  

as 6, f 0.00103. The a c t u a l  value used t o  c a l c u l a t e  the  d a t a  was 

0.001. 
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If t h e  a d s o r p t i o n  phenomenon were i gno red ,  and if 

- 6 '  * 0.05, then t h e  v a l u e  of +f c a l c u l a t e d  v i a  Eq. 6-15 
%SC %a 

0.00@17. Qf woull be much smaller, i.e., 

The coEputer csde f o r  t h e  numerics1 nodel i3 presented  i n  

Appendix TI. 
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CONCLUSIGGS 

Considerable  evidence p o i n t s  t o  t h e  presence of adsorbed water 

i n  vapor-dominated geothermal r o s e r v o i r s .  I n  t h i s  work, conventional  

models f o r  material balance  and p r e s s u r e  t r a n s i e n t  behavior were 

extended t o  i n c o r p o r a t e  t h e  e f f e c t s  of adsorp t ion .  The new models 

developed i n  t h i s  r e p o r t  make p o s s i b l e  reasonable  i c t e r p r e t a t i o n s  of 

conven t iona l  r e s e r v o i r  eng ineer ing  tests as app l ied  t o  vapor- 

dominated geothermal systems. 

The form of t h e  material balance  equa t ion  provided he re  sugges t s  

t h a t  t h e  most a p p r o p r i a t e  method f o r  e s t i m a t i n g  r e s e r v e s ,  when 

a d s o r p t i o n  e f f e c t s  dominate, is  a graph of p r e s s u r e  ( i n s t e a d  of p/z) 

v e r s u s  curnulst ive production.  Because t h e  z f a c t o r  f o r  steam v a r i e s  

on ly  s l i g h t l y  i n  t h e  range of i n t e r e s t  f o r  vapor-dominated geothermal 

r e s e r v o i r s ,  t h e  graph of  p/z ve r sus  c u s u l a t i v e  product ion r e s u l t s  i n  

an e q u i v a l e n t  e s t i m a t e .  The same procedure,  i n c l u d i n g  adsorp t ion  

e f f e c t s ,  could a l so  apply  t o  n a t u r a l  gas. 

For steam, z l though t h e  u l t i m a t e  e s t i m a t e  f o r  mass i n  p l a c e  is 

t h e  sane whether o r  no t  t h e  m a t e r i a l  balance  i n c o r p o r a t e s  adsorp t ion ,  

t h e  al lowance f o r  adsorbed water  i n  t h e  vapor zone profoundly a f f e c t s  

t h e  e s t i m a t i o n  of r e s e r v o i r  bulk volume and r e s u l t s  i n  a more 

r e a l i s  t i c  c a l c u l a t i o n  of t h e  r e s e r v o i r  t h i c k n e s s  than previous 

models. 

Another i m p l i c a t i o n  of t h e  new material balzrice equat ion i s  thz t  

t h e  nonccndecsable gas con ten t  i n  t h e  produced f l u i d  provides  

a d d i t i o n a l  evidence of t h e  a d s o r p t i o n  Fhenomnon. The model 
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i n d i c a t e s  t h a t  t h e  concen t r s t ion  o f  noncondensable gases  is  an 

exponen t i a l  f u n c t i o n  of pressure .  A grhph of t h e  logar i thm of  t h e  

gas concen t ra t ion  versus  p re s su re  f o r  t h e  Bagnore f i e l d  r e s u l t e d  i n  a 

s t r a i g h t  l i n e .  

I n c o r p o r e t i o n  of  t h e  adso rp t ion  phenomenon i n t o  a model f o r  well 

t e s t  a n a l y s i s  r e q u i r e d  c e r t c i n  assumptions about  t h e  n a t u r e  of flow 

i n  t h e  geothermal formation.  S ince  t h e  known vapor-dominated 

r e s e r v o i r s  are  h i g h l y  f ractured,  t h e  model by Warren and Root (1963) 

was used as  t h e  b s s i s  f o r  t h i s  a n a l y s i s .  A new method f o r  apply ing  

t h e  Warren and Root (1963) theo ry  was developed which a l lows  a nore 

a c c u r a t e  e s t ima t ion  o f  t h e  f r a c t u r e  po ros i ty .  
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NOMENCLATURE 

A 

B 

C 

f 

G 

GP 
h 

K 

KH 

m 

n 

5 area, ft* 

5 formation volume factor 

rock heat capacity, BTU/lb°F 

= total compressibility, psi-' 

constant in BET equation 

* fugacity of  the gas above the liquid 

initisl gas-in-place, SCF 

= cumulative production gas, SCF 

= reservoir thickness, ft 

enthalpy of vapor, BTU/lb 

f initial enthalpy of fluid, BTU/lb 

f enthalpy of liquid, BTU/lb 

6 heat of vaporization, BTU/lb 

= enthalpy of produced fluid, BTU/lb 

permeability, rnd 

= vapor-liTuid equilibrium cocstant 

f Henry's law constant 

= slope of pressure vs log  t curve 

5 mass of adsorbed fluid, lb 

mass of vapor, lb 

L- mass fraction of noncondensable gases 

f mass of rock 

6 molecular weight 

= moles 
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P 

P" 

PC 

P r  

9 

Qs 

r 

R 

t 

T i  

T r  

UX 

V 

'b 

R V 

vP 

V 

W 

We 

W i  

h'L 

hrP 

X 

= p r e s s u r e ,  p s i  ( b a r s )  

5 vapor p re s su re ,  p s i  ( b a r s )  

= c r i t i c a l  p re s su re ,  p s i  ( b a r s )  

L- reduced p r e s s u r e  

f f low rate ,  bpd 

= n e t  h e a t  conducted i n t o  r e s e r v o i r ,  BTU 

5 r a d i a l  d i s t a n c e ,  f t  

5 gas  cons t an t ,  10.73 f t 3  p s i / a o l e  OR 

time, hrs 

f a b s o l u t e  temperature,  OR (OK) 

= c r i t i c a l  tempera ture ,  OR (OK) 

5 i n i t i s l  temperature,  OF 

f reduced tempera ture  

= v e l o c i t y  

= s p e c i f i c  volume f t3/ lbm 

f bulk volume, f t 3  

f s p e c i f i c  volume l i q u i d ,  f t 3 / l b  

= pore voluae,  f t 3  

5 volume, f t 3  

5 steam flow rate ,  1b/hr 

5 f l u i d  i n f l u x ,  l b s  

f i n i t i a l  steam- in-place, lbs .  

f l o s t  f l u i d ,  l b s  

steam cumulat ive product ion ,  l b s  

f l i q u i d  mole f r s c t i o n  
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= ad:;ort;ed water, l b  moles/lb of rock (g  :nole/g of rock) 

5 vap3r mole f r a c t i o n  

= t o t a l  mole f r a c t i o n  i n  a gas m i x t w e  

5 cas d e v i a t i o n  f a c t o r  

S y a b o 1 s 

a f geometric f a c t o r  i n  Warren and Root a n a l y s i s  

B f r e l a t i v e  p r e s s u r e  i n  BET equa t ion  

Y 5 a c t i v i t y  c o e f f i c i e n t  

5P 5 p r e s s u r e  d e p a r t u r e  betveen two s t r a i g h t  l i n e s  i n  a two- 
p o r o s i t y  system 

6s * c r o s s  s e c t i o n a l  a r e a  of flow 

A t  f s h u t- i n  time 

h = dimensionless  m a t r i x / f r a c t u r e  pe rmeab i l i ty  r a t i o  

- L v i s c o s i t y ,  cp P 

P = dens i ty ,  l b / f t 3  (g/cc) 

a adsorp t ion /desorp t ion  curve s l o p e  

f+ = p o r o s i t y  

w f r a t i o  of f r a c t u r e  p o r o s i t y  t o  t o t a l  p o r o s i t y  

S u b s c r i p t s  

a 

D 

f adsorbed 

6 d i a e n s i o n l e s s  
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e 

esc 

f 

1 

ma 

2 C 

P 

r 

S 

sc 

W 

wf 

ws 

= influx 

* e f f e c t i v e  steam c a p a c i t y  

f f r a c t u r e  

= gas 

f i n i t i a l  

f l i q u i d  

fs matr ix  

5 noncondensable 

f produced 

f rock 

f steam 

f s tandard  cond i t ion  

wel l  

5 f lowing bottom ho le  

f shu t- in  bottom h o l e  
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ATPEIJDIX I 

Tlevelopment of Eq. 5-25 

Equation 5-25 may be developed by substituting the right-hand 

side of 52. 5-10 for Wi in Eq. 5-24, then dividing by the coefficient 

of Wp in 3q- 5-24 and solving the resulting equation for Wp. This 

results in: 

?'ha term labelled A in Eq. 1-1 may be further expanded: 
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S u S s : i t l ~ t i o n  of  the  va lues  o f  t h e  s p e c i f i c  volumes with t he  

e q x i v a l e n t  express ions  from t h e  r e a l  gas law resu1.t i n :  

api z !p) 9T 
- A =  

'NC (-) RT + (1-Iii ) (P .T)3  NC FI p $ c p  
P* bac 

The first term i n  Eq. 1-3 i s  t h e  same as t h e  first term i n  Eq. 5-25, 

while t h e  second term i n  Eq. 1-3 i s  t h e  same as t h e  t h i r d  term i n  Eq. 

5-25. 

S i n i l a r l y ,  t h e  tarm l a b e l l e d  B i n  Eq. 1-1 may be expanded i n t o :  
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Again,  s u b s t i t u t i o n  of t h e  values of  t h e  s p e c i f i c  volumes by t h e  

e q u i v a l e n t  exp re s s ion  from t h e  real gas l s w  r e s u l t s  i n :  

o r :  

'I 
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Simplifying: 

Equation 1-7 s u p p l i e s  t h e  second term i n  Eq. 5-25, whi le  t h e  

s u b t r a c t e d  u n i t y  i n  t h e  las t  term r e s u l t s  i n  t h e  f o u r t h  term of Eq. 

5-25 
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APPEX3I.X I1 

Zomputer Code 
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C 
DO 1 0  I=l , r \?UP 
P F ( I ) = P I  
P F P ( I ) = P I  
Pf” . I )=PI  

10 PhIP ( I  1 = P I  
DELT=DELT/RDT 

DELU=DLOG (RED) /f!U 
DELUXzDELU *DELU 
TEI:P=DEXP (DELU 1 

l?D ( 1) =RY7 
R(1)-1./DELUX 
no 20 I = l , N U I I  

C COrlPUTE CONSTAFIT RADIAL COEFFICIENTS 

TE t.il PX 4% 1.i P * T E 14 P 

RD I+ l  =RD ( I  *TEIbiP 
20 R (I+-1) =F, (I) /TEEIPX 

PRII.?T 101 

PRIPT 102,  ( R I ? ( I )  , I = l , N U , M U R )  

TT!.’:E-TfiI .. - 
DO 500  C@IIIIY=l  ,f?TS 

101 FORIIAT ( ’ NODE SPA I I 4 G ’ )  

1 0 2  FOR:-!AT ’ ’ ,10E12.4) 

c EXTRAPOLATE wrms FOE PF,PI: AT TII-IE STEP J+I 
C 
C 

TD=:TII.IC 

DELT=TIEIE -TD 
T I  I?E =RPT *TIHE 

C L I Q E m  EXTRAPOLATIOII 
2 9  PO 3 0  I = l , I J U P  

PFP (I) =2. *PI’ (I) -PFP ( I )  
PMP ( I 1 =2. *PI1 ( I 1 -PI.IP ( I 1 
I F  ( D f i s S ( ( P I ~ P ( I ) - P F P ( I ) ) / P M P ( I ) )  .LT. ERROR) P L l P ( I ) = P F P ( I )  

30 COMTIMUE 
I F  (COUNT .EQ. 1) CALL ABCDCOH 
J COU M T = 1 

C 
C 
C TURT.? TI?E CRANK 
C 

no 35 I = l , P ! U  
3s D ( I ) = D P ( I )  

D ( 1 1 --.I? ( 1 1 - 0 .5 * 1 2 c‘ 5 E:. *V? *V I S *T/DELU/Ml~7/ H / K  F 
DO 4 G O  IT=z l ,  ITCOUNT 
I co:? =@ 
GO TO 51 

3G G(i!U) =@. 
C CALOCULATE COEFFICIENTS FOR ’JXOMAS ALGORITHI! 
C 

I?ZTA ( 3.1 =E ( 1) 
GA1.I ( 1 = (D (1 +DI,IAT (1) /E  ( 1) 

BETA ( I  
EO E0  1’2,RU 

=E? (I -A I 1  1 *C (1-1 I /BETA (1-1) 

111 



50 

51 

€a! 

5-5 

c TEST FO~!  COT:PEF,C;EI!CE 
5 6  CO?~1I I ICrC  

400 CCVTf17Ui: 

120 F0ZI:I.T I I , I 2 ,  ' ITERATIOIIS OM TIfiE STEP ' I 13) 

I F  (IC.0:' .EO. 0) GO TO 6(! 

€ 0  PFTFT 120,IT,COUFT 

CAJ,Iz AECPCOI' 
C 
C ITERATIOI! COiiPLETE 
C 

ZF(:I@DfCOU!!T,I~COU1?T) .!?E. 0) GO '10 490 
I F  ( T I i X  .LT. PTIIlE) GO TO 490 
PFTI'T 11s ,TIFIE 

119 FORiXT < '  TIEE = ',E12.4,' D A Y S ' )  
PRIIlT 1 2 3  

PRINT 1 2 4 ,  ( P F P ( I 1  , I = l , N U , N U R )  
123 FORliAT ( ' FRACTURE PRESSURE DISTRIBUTION' I 
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1 2 4  FORi!AT ( '  ',10E12.41 

125  FORI'.AT ( ' I iATRIX PRESSURE DISTRIEUTIOI! ' 1 
P R I W  125 

PRIXT 124, (PI'P ( I  1 , I= l  , N U  ,I!UR1 

490 DO G O  I = l , N U ?  

PF (I 1 =mrz 
TEI!P-PFP (I 1 
PFP ( I  1 =PF ( 1 1  

TEKP-PI3P ( I  1 
PKP ( I  1 =Pi: !I 1 

&O Pi? ( I  1 =TEIIP 
500 COI!TIIWE 

STOP 
END 

C 
C 
C 

C 
C 
C 

C 
C 
C 

E< 

& 
10 
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