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Abstract  

SIMULATION OF THE KRAFLA GEOTHERMAL FIELD* 

V.  Jonsson 

Ear th  Sciences D i v i s i o n  
Lawrence Berkeley Laboratory 

U n i v e r s i t y  o f  C a l i f o r n i a  
Berkeley, Cal i f o r n i  a 94720 

August 1978 

S imu la t i on  s tud ies  have r e c e n t l y  been made o f  t h e  K r a f l a  Geothermal F i e l d  
The f i e l d  i s  c l o s e  t o  b o i l i n g  i n  t h e  format ion a t  

The f i r s t  
i n  Nor thern Iceland. 
depths o f  1800 meters and below. 
s t u d i e d  r a d i a l  f low,  i.e.? behavior around a p roduc t i on  we l l .  
t h a t  t h e  r e l a t i v e  pe rmeab i l i t y  d i s t r i b u t i o n  o f  t h e  l i q u i d  and vapor phase 
had very l i t t l e  e f f e c t  on t h e  general r e s u l t s .  The s i m u l a t i o n  shows t h a t  
w h i l e  t h e  w e l l  produced superheated steam a f t e r  a few days o f  product ion,  
t h e  superheated f r o n t  moved o n l y  1/10 t h e  d i s tance  o f  t h e  b o i l i n g  f r o n t ,  
which extended t o  a r a d i a l  d i s tance  o f  over  200 meters a f t e r  one-hal f  y e a r  
product ion.  The second s i  mu1 a t i  on i nvest i gated t h e  two-zone system which 
i s  be l ieved  t o  e x i s t  i n  Kra f la .  This study simulated one we l l  producing 
50 kg/s f rom both zones f o r  a p e r i o d  o f  33 years. 
t h e  fo rma t ion  begins near t h e  p roduc t i on  w e l l  and a t  t h e  connect ion between 
t h e  two zones. 
r e q i o n  w i t h  s a t u r a t i o n  (steam volume f r a c t i o n )  ranging from 0-30 percent. 

Two s imulat ions were undertaken. 
It was found 

It showed t h a t  b o i l i n g  i n  

A f t e r  20 years, b o i l i n g  takes p lace  i n  t h e  e n t i r e  lower  zone 

ower 
- -  

A f t e r  33 years, s a t u r a t i o n  increased t o  over  60 percent 
zone, j u s t  under t h e  caprock separa t i ng  t h e  two zones. 
r a t e s  w i l l  augment t h e  spread o f  t h e  s a t u r a t i o n  p r o p o r t  
o f  mass production. 

a t  t h e  t o p  o f  t h e  
H i  gher p roduc t i on  
ona te l y  t o  t h e  r a t  0 

* 
This  work was supported by t h e  D i v i s i o n  o f  Geothermal Energy o f  
t h e  U.S. Department o f  Energy under Contract  No. W-7405-ENG 48. 
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SIMULATION OF THE KRAFLA GEOTHERMAL FIELD 

I n t  roduct  i on 

I c e l a n d  i s  l o c a t e d  on t h e  p l a t e  boundary between t h e  American and European 

I n  Northern Ice land,  t e c t o n i c  p l a t e s  which t r a v e r s e  t h e  i s l a n d  f r o m  SW t o  NE. 

t h e  r i f t  zone has a north-south d i r e c t i o n .  The s t r u c t u r e  o f  t h e  neovolcanic 

zone i n  Nor thern I ce land  i s  dominated by l a r g e  swarms o f  f a u l t s  and f i s s u r e s  

most o f  which pass through t h e  several  c e n t r a l  volcanoes where vo l can ic  

f i s s u r e  erupt ions,  s i l i c i c  rocks and h i g h  temperature geothermal f i e l d s  a r e  

concentrated (Saemundsoon, 1974). Two c e n t r a l  volcanoes, K ra f  l a  and Askja, 

have developed calderas. The swarms o f  f a u l t s  and f i s s u r e s  a re  arranged i n  

echelon s u b p a r a l l e l  t o  t h e  north-south d i r e c t i o n  o f  t h e  main zone. 

ernmost p a r t s  o f  these f i s s u r e  swarms a r e  i n t e r s e c t e d  i n  t h e  area n o r t h  of 

A x a r f j o r d u r  by t h e  Tjornes F r a c t u r e  Zone which has an east -wester ly  d i r e c t i o n  

(Fig.  1). 

The no r th -  

The K r a f l a  ca ldera measures about lOkm east-west and about 8km north-south. 

It was formed du r ing  t h e  l a s t  i n t e r g l a c i a l  p e r i o d  and has s ince  been f i l l e d  

almost t o  t h e  rim 

c e r t a i n l y  f o l l o w e d  

around t h e  ca ldera 

an a i r f a l l  t u f f  wh 

l i t h  vo l can ic  ma te r ia l .  

t h e  e r u p t i o n  of t h e  d a c i t i c  welded t u f t  which i s  exposed 

(Fig. 2). 

ch was blown main ly  towards t h e  NE f rom a -sou rce  near 

The c o l l a p s e  o f  t h e  ca ldera almost 

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

t h e  cen te r  o f  t h e  caldera. A s h i e l d  volcano a t  l e a s t  20km i n  diameter 

e x i s t e d  p r i o r  t o  t h e  ca ldera format ion.  

t u r e  enclose t h e  ca ldera on t h e  east and west s ides exposing lavas and 

Remnants o f  t h i s  s h i e l d  s t r u c - ,  

b racc ias  d i p p i n g  outward a t  low angles. 

t r e n d  p a r a l l e l  t o  t h e  ca ldera r i n g  f a u l t s  a re  conspicuous around t h e  caldera.  

Dikes and e r u p t i v e  f i s s u r e s  t h a t  

A h i g h  temperature geothermal area i s  l o c a t e d  w i t h i n  t h e  K r a f l a  caldera.  
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c 
Measurements taken from t h e  eleven boreholes t h a t  have been d r i l l e d  t h e r e  

i n d i c a t e  t h a t  t h e  geothermal r e s e r v o i r  cons i s t s  o f  two zones. 

zone l i e s  500 - 1200 meters below t h e  sur face  and has a temperature range 

of 210-220°C. 

320-340°C. 

a l though i t  i s  not  known whether t h i s  occurred before o r  a f t e r  t h e  opening 

o f  t h e  boreholes. The lower  zone f l u i d  conta ins l a r g e  amounts o f  carbon 

d i o x i d e  (COz), whereas t h e  upper zone has much l e s s  carbon dioxide. The 

depth o f  t h e  lower  zone has not  y e t  been determined, bu t  i t  exceeds 2200 

meters, t h e  depth o f  deepest borehole d r i l l e d  t o  date. 

drawing made f rom west t o  east based upon t h e  borehole data publ ished by 

t h e  Nat iona l  Energy A u t h o r i t y  o f  I ce land  (1977) i s  shown i n  Fig. 3. The 

The upper 

The lower  zone l i e s  deeper, and i t s  temperature ranges f rom 

I n d i c a t i o n s  show t h a t  t h e  lower  zone format ion may be f l ash ing ,  

A sec t i ona l  geo log ica l  

d i s tance  from t h e  sur face  t o  t h e  lower  zone i s  sho r tes t  on t h e  east s i d e  

o f  t h e  f i e l d  w i t h  a 100 meter t h i c k  nonpermeable cap between t h e  two zones; 

bu t  on t h e  west s de t h e  d i s tance  i s  1600 - 1800 meters w i t h  a cap 500 

meters i n  t h i c k n e  s separa t ing  t h e  two zones. 

ments i n d i c a t e  t h a t  t h e  two zones connect east o f  t h e  boreholes p r e s e n t l y  

Non-condensible gas measure- 

d r i l l e d ,  and t h a t  heat f l ows  up f rom t h e  lower  zone t o  t h e  sur face  near 

Hverag i l  , a fumaro le on t h e  west s i d e  o f  M t .  K r a f l a  which i s  l oca ted  600- 

1200m east o f  t h e  boreholes. 

On December 20, 1975, an e r u p t i o n  occurred i n  M t .  L e i r h n j u k u r  which re -  

s u l t e d  i n  spec tacu la r  r i f t i n g  episodes s t i l l  no t  completed by August, 1978. 

In tense  earthquakes, widespread ground deformation, and magmatism a re  a f f e c t i n g  

an 80km long  segment o f  t h e  p l a t e  boundary (Bjornsson, e t  al., 1977 and 1978). 

The e f f e c t  on t h e  geothermal r e s e r v o i r  i s  d i f f i c u l t  t o  determine, bu t  t h e  gas 

content  o f  t h e  lower  zone has increased by as much as a f a c t o r  o f  ten. There 6 
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are  i n d i c a t i o n s  t h a t  magma f l o w i n g  i n t o  a magma chamber 3-7 km f rom t h e  sur -  

f ace  has caused a steady u p l i f t  o f  6-7 mm/day a t  i t s  maximum near t h e  center  

o f  t h e  caldera. 

t h e  f requency o f  earthquakes has been observed fo l l owed  by a sudden subsidence, 

over  a p e r i o d  o f  a day o r  so, o f  approximately 10-100 cm i n  t h e  center  o f  

t h e  caldera. 

1975, and was fo l l owed  t w i c e  by sho r t  erupt ions.  

When t h e  l a n d  has r i s e n  t o  a c e r t a i n  he igh t  an increase i n  

This  has occurred e i g h t  t imes s ince  t h e  e rup t i on  o f  December, 
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Fig. 1. The spreading zone i n  Nor th  Iceland. 

f i e l d s  and f i s s u r e  swarms a r e  named a f t e r  t h e  c e n t r a l  volcano. 

Mapped by K r i s t i a n  Saernundsson, (Bjornsson e t  al., 1978). 

The high-temperature goethermal c 
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XBL 793-8931 

Fig.  2. O u t l i n e  geo log ica l  map o f  t h e  K r a f l a  Caldera and associated 

f i ssure swarm. 

e t  a1 . , 1978). 
Napped by K r i  s t  i an Saernundsson (B jo rnsson 
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Fig. 3.  Sectional geological drawing of the Krafla geothermal f i e l d .  
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Temperature and Pressure Measurements 

I t  i s  essen t ia l  t o  asce r ta in  t h e  temperature and pressure o f  t h e  geothermal 

r e s e r v o i r  b e f o r e  modeling can proceed. A summary o f  a l l  t h e  pressure and 

temperature measurements taken f rom t h e  eleven boreholes i n  t h e  K r a f l a  geothermal 

f i e l d  i s  shown i n  Figs. 4 and 5. Although t h e  pressure i s  s l i g h t l y  h ighe r  

than t h e  s a t u r a t i o n  pressure, i t  can be assumed t h a t  because o f  t h e  h i g h  con- 

c e n t r a t i o n  o f  C02 (3-5% by mass), t h e  p a r t i a l  pressure of t h e  gas i n  t h e  

r e s e r v o i r  i s  approximately 5-6 bar. 

has been more accurate ly  determined than t h a t  i n  o the r  boreholes s ince  t h e  

temperature f a l l s  r i g h t  on t h e  s a t u r a t i o n  curve a t  t h e  2000 meter depth. 

The temperature i n  boreholes 6 and 7 

F i g u r e  6 shows t h e  pressure and temperature p r o f i l e s  used as t h e  i n i t i a l  

As i n d i c a t e d  above, t h e  c o n d i t i o n  i n  t h e  SHAFT78 computer s i m u l a t i o n  model. 

temperature l i e s  along t h e  s a t u r a t i o n  temperature curve a t  depths o f  2000 

meters and below. 
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Fig .  6.  Initial pressure and temperature profiles used in the 
s i mu1 a t  i on model s . 
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Reservoi r Model i ng 

There a r e  i n d i c a t i o n s  t h a t  t h e  K r a f l a  geothermal f i e l d  is l o c a t e d  i n  t h e  

middle o f  t h e  caldera, w i t h  t h e  h ighes t  anonialy centered between M t .  K r a f l a  

and a f i s s u r e  swarm which passes through t h e  L e i r h n j u k u r  volcano. The maximum 

heat f l o w  a t  t h e  sur face i s  near t h e  fumarole Hveragi l .  Areal f l o w  o f  deep 

water f rom south t o  n o r t h  along t h e  f i s s u r e  swarnis i s ‘ e s t i m a t e d  t o  be approxi-  

mately 10’6m/s. It i s  est imated t h a t  t h e  K r a f l a  geothermal f i e l d  l i e s  p r i m a r i l y  

i n  t h e  southeast corner  o f  t h e  ca lde ra  and has an area o f  approximately 16-20kin 

(Bjornsson, e t  al., 1977). 

As mentioned above, t h e r e  a r e  s u b s t a n t i a l  i n d i c a t i o n s  t h a t  t h e  f i e l d  i s  

composed o f  two zones separated by a cap rock of extremely low permeab i l i t y .  

Th i s  has made i t  d i f f i c u l t  t o  i n t e r p o l a t e  pe rmeab i l i t y  values f o r  t h e  two zones 

frorn t h e  pumping t e s t s  (Sugurdsson and Stefansson, 1977) because most o f  t h e  

completed boreholes which pene t ra te  both zones have p e r f o r a t i o n s  i n  t h e i r  

l i n e r s .  It was p o s s i b l e  t o  est imate p e r m e a b i l i t y  values f o r  t h e  two zones f rom 

t h e  few boreholes which pene t ra te  on l y  t h e  upper zone, and from o the r  boreholes 

which have o n l y  a weak connect ion w i th  t h e  upper zone, y i e l d i n y  most ly  f rom 

t h e  lower zone. 

1 - 40 md f o r  t h e  lower zone. 

model ing a r e  30 md f o r  t h e  upper zone and 10 md f o r  t h e  lower zone. 

Values range f rom 10 - 60 md f o r  t h e  upper zone, and f rom 

The values used f o r  purposes o f  r e s e r v o i r  

The r e s e r v o i r  modeling can be d i v i d e d  i n t o  t h r e e  s tud ies :  

1. Radial  Flow: t h e  e f f e c t  of r a d i a l  f l o w  f rom t h e  

1 ower zone i n t o  a borehol  e. 

2. Two-zone model: study of approximately 1/36 o f  t h e  

geothermal f i e l d  by t a k i n g  a 10’ sec to r  through t h e  

upper and 1 ower zones. 

e 
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Grs 
3. P r e d i c t i o n  o f  t h e  behavior  o f  t h e  t o t a l  geothermal 

f i e l d  when producing 60MW and 120 MW e l e c t r i c a l  power. 

P a r t s  1 and 2 have been completed, and t h e  g r i d  f o r  p a r t  3 has been generated; 

bu t  t h e  r e s e r v o i r  as a whole has no t  y e t  been simulated. 

t h e  g r i d  f o r  t h e  r a d i a l  f l o w  con f igu ra t i on ,  and Fig. 8 shows t h e  g r i d  arrange- 

ment f o r  t h e  two-zone modeling c a l l e d  KRAFLA 1. 

three-dimensional  drawings o f  one o f  t h e  e i g h t  l aye rs  compr is ing t h e  t o t a l  

geothermal area. This  g r i d  was generated by t h e  g r i d  generator computer 

program, OGRE (Weres and Schroeder, 1978). 

F igu re  7 shows 

Figures 9 and 10 show 

The smal 1 e s t  elements a re  concen- 

t r a t e d  around t h e  11 boreholes t h a t  have been d r i l l e d  i n  K ra f l a .  

. ' , . I  .. 
i . 
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SHAFT78 

A computer program c a l l e d  SHAFT78 (Simultaneous Heat and F l u i d  Transpor t )  

has been developed a t  LBL. 

dimensions o f  t h e  coupled equations f o r  t h e  conservat ion o f  mass and energy 

This program gives a numerical s o l u t i o n  i n  t h r e e  

t o g e t h e r  w i t h  Uarcy's f l o w  equations f o r  one-or two-phase f l u i d  i n  porous 

medi a. 

The SHAFT program has been under development f o r  many years, and t h i s  y e a r ' s  

SHAFT78 ve rs ion  has been ex tens i ve l y  checked f o r  accuracy against  a n a l y t i c a l  

and o t h e r  numerical s o l u t i o n s  i n  t h e  two-phase reg ion  and i n  t h e  t r a n s i t i o n  

f rom one-phase t o  two-phase f l o w  (Pruess e t  al., 1978). 

SHAFT78 i s  t o  so l ve  t h e  governing equations i n  terms o f  two var iab les,  f l u i d  spe- 

c i f i c  energy and densi ty.  

t r a d i t i o n a l  method us ing  temperature, pressure, and sa tu ra t i on ;  f o r  f l u i d  

s p e c i f i c  energy and dens i t y  a r e  always independent v a r i a b l e s  even i n  t h e  two- 

phase region, whereas temperature and pressure a r e  not. 

numerical s o l u t i o r i  procedure and t h e  equat ion o f  s t a t e  f o r  water i n  terms of 

s p e c i f i c  e n e r g y  and d e n s i t y  i s  g i v e n  i n  P r u e s s  et a l . ,  (1979).  

The basic  concept of 

Th is  approach has a considerable advantage over  t h e  

The d e s c r i p t i o n  o f  t h e  
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XBL 793-8929 

Fig .  9 .  Grid f o r  simulation of Krafla geothermal f i e l d  

c 

XBL 793-8930 

Fig. 10. Grid f o r  simulation of Krafla geothermal f i e l d .  
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Radial  Flow 

I n  order  t o  s imu la te  a f low of water f l a s h i n g  i n  t h e  format ion near a 

borehole, t h e  r a d i a l  f l o w  g r i d  shown i n  Fig.  7 was generated; 1/64 o f  a f u l l  

c i r c l e  is  taken i n t o  considerat ion.  

100m; 

i s  0.1; t h e  rock dens i t y  i s  equal t o  2650 kg/m3; and t h e  s p e c i f i c  heat of 

t h e  rock i s  assumed constant a t  950 A constant mass f l o w  was withdrawn 
kg°C* 

f rom t h e  corner  element a t  a r a t e  of 0.25 kg/s, which corresponds t o  16 kg/s 

taken f rom t h e  t o t a l  area surrounding t h e  borehole. The pressure and temper- 

a t u r e  are i n i t i a l l y  assumed un i fo rm a t  140 bar  and 332"C, respec t i ve l y .  Th is  

corresponds t o  a l a y e r  l o c a t e d  approximately 1900 meters deep a t  K r a f l a .  

I n  order  t o  c a l c u l a t e  two-phase f l u i d  f low,  i t  i s  common t o  separate 

The l a y e r  has a constant th ickness o f  

t h e  p e r m e a b i l i t y  i s  un i fo rm and equal t o  10md; t h e  p o r o s i t y  o f  t h e  rock 

t h e  Darcy equations i n t o  two equations f o r  vapor and l i q u i d .  

f o r  each phase i s  g iven by: 

Darcy's law 

where R v  and Ra a r e  t h e  r e l a t i v e  p e r m e a b i l i t i e s  f o r  vapor and l i q u i d .  

Very l i t t l e  data i s  a v a i l a b l e  f o r  t h e  r e l a t i v e  p e r m e a b i l i t y  o f  water. 

Recent measurements o f  t h e  r e l a t i v e  p e r m e a b i l i t y  o f  water have been done a t  

S tan fo rd  by Chen (1976. 1978). Corey (1954) has der ived equations f o r  t h e  

r e l a t i v e  p e r m e a b i l i t y  o f  gas and water known as t h e  Corey equations. 

For water: 
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f o r  S r 4 

0 f o r  S > r 

c 
For steam: 

"=I 1 f o r  S r 

Fig. 11 shows t h e  r e l a t i v e  pe rmeab i l i t y  d i s t r i b u t i o n  which i s  used as a d e f a u l t  

va lue  by SHAFT (curves 1 )  and two r e l a t i v e  pe rmeab i l i t y  se ts  f o r  Corey's 

constants  equal t o  r = 0.35 and 0.75, respec t ive ly .  

These t h r e e  cases, designated cases 1, 2, and 3, respec t i ve l y ,  were used 

i n  t h e  r a d i a l  f l o w  s imulat ion.  

computed. 

average, 8-9 f l o w  cyc les  were computed f o r  each energy cycle.  

For Case 1,3 x 250 energy cyc les  were 

For  Cases 2 and 3,2 x 250 energy cyc les  were computed. On t h e  

Table 1 shows 

t h e  d i f f e r e n t  cases computed. 

Table 1. Cases Computed 

b 0-250 cyc les  250-500 cyc les  500-750 cyc les  

c 

Case 1 

Case 2 

Case 3 

Case 1.1 

Case 2.1 

Case 3.1 

Case 1.2 

Case 2.2 

Case 3.2 
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A computer p l o t t i n g  rou t i ne ,  PL 
6 

TZ, has been prepared which can p l o t  pressure, 

temperature, sa tu ra t i on ,  and energy d e n s i t y - d i s t r i b u t i o n  f o r  a s p e c i f i e d  number 

of energy cycles.  These v a r i a b l e s  have been p l o t t e d  a t  i n t e r v a l s  o f  25 cyc les,  

which corresponds t o  10 curves on each drawing. 

b u t i o n  o f  va r iab les  f o r  a l l  thre;! cases. 

F igures 12 - 30 show t h e  d i s t r i -  

Table 2 gives t h e  t imes a t  which 

these d i s t r i b u t i o n s  were p l o t t e d .  (These t i n e s  a re  a l s o  i n d i c a t e d  on t h e  

f i g u r e s  . ) 
Figures 12, 13, and 14 show t h e  energy d i s t r i b u t i o n  f o r  Cases 1.1, 1.2 

and 1.3 respec t i ve l y .  S t a r t i n g  f rom a va lue o f  1515 kJ/ky a t  t h e  w e l l -  

head, t h e  energy reaches a maximum va lue  o f  2565 kJ/kg f rom about 100 

hours f o r  Case 3,  t o  250 hours f o r  Case 1. 

constant except t h a t  t h e  energy d i s t r i b u t i o n  becomes more dispersed as 

Afterwards i t  remains p r a c t i c a l l y  

t i m e  increases. 

Case 2 than  f o r  Case 1, w h i l e  Case 3 shows t h e  l a r g e s t  deplet ion.  

The d e p l e t i o n  o f  s p e c i f i c  i n t e r n a l  energy i s  grea te r  f o r  

Steam s a t u r a t i o n  ( f l a s h i n g )  d i s t r i b u t i o n  i n  t h e  fo rma t ion  is shown i n  

The Figs.  15-17 f o r  t h e  t h r e e  cases d u r i n g  t h e  f i r s t  250 energy cycles. 

f i r s t  elemeni becomes f u l l y  sa tu ra ted  by steam i n  250 hrs,  48 hrs,  and 

40 hrs. r e s p e c t i v e l y  f o r  Cases 1.1, 2.1, and 3.1. 

t h e  cen te r  o f  t h e  borehole reached complete steam s a t u r a t i o n  i n  480 hrs,  

The f i r s t  10 meters f rom 

483 hrs,  and 600 h r s  (Case 3.2), r e s p e c t i v e l y ,  f o r  t h e  t h r e e  cases. This  

. i n d i c a t e s  t h a t  al though Case 3 reaches complete steam s a t u r a t i o n  f i r s t ,  t h e  

spreading o f  t h e  steam s a t u r a t i o n  f r o n t  is s i m i l a r  f o r  a l l  t h e  cases. 

l i m i t  o f  t h e  steam f r o n t  ( S = O )  extended 44m from t h e  cen te r  o f  t h e  borehole 

i n  about t h e  same t i m e  f o r  a l l  cases, 460 hrs.  

The 

F igures 18-20 show t h e  pressure drop i n  t h e  fo rma t ion  f o r  t h e  f i r s t  

250 cycles.  It appears t h a t  t h e  drop i n  pressure d u r i n g  t h e  f i r s t  250 cyc les  4il 



e . c 

TABLE 2. Times f o r  Functions P l o t t e d  

CYCLES 

25 

50 

75 

100 

125 

150 

175 

200 

225 

250 

C K E  1.1 CASE 2.1 CASE 3.1 CASE 1.2 CASE 2.2 CASE 3.2 

1.5 h r s  1.4 h r s  1.6 h r s  

3 h r s  

16.4 h r s  

50.2 h r s  

93.7 h r s  

146.2 h r s  

248.9 h r s  

348.7 h r s  

461.0 h r s  

585.0 h r s  

2.8 h r s  

15.5 h r s  

48.2 h r s  

108.3 h rs  

180.2 h r s  

273.4 h r s  

372.4 h r s  

473.8 h r s  

583.2 h rs  

2.6 h r s  

14.3 h r s  

39.8 h r s  

86.2 h r s  

161.0 h r s  

298.6 h r s  

383 . 1 h r s  

468.6 h r s  

522.2 h r s  

30.0 days 

(720 h r s  ) 
35.0 days 

40.7 days 

46.5 days 

52.6 days 

58.9 days 

65.5 days 

72.4 days 

79.6 days 

87.3 days 

29.5 days 

33.6 days 

37.1 days 

41.5 days 

46.7 days 

52.3 days 

57.8 days 

63.4 days 

68.6 days 

74.7 days 

26.4 days 

30.1 days 

34.0 days 

38.1 days 

42.4 days 

46.8 days 

51.5 days 

56.4 days 

61.5 days 

66.8 days 

93.7 days 

101.6 days 

109.8 days I 

118.5 days I 

127.6 days 

137.2 days 

147.4 days 

157.8 days 

186.8 days 

180.4 days 

--I 
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Qrr 
determines t h e  t i m e  steps taken by t h e  computer program, f o r  i n  a l l  t h r e e  cases 

t h e  pressure dropped t o  100 ba r  a t  t h e  element con ta in ing  t h e  borehole, o r  

VP=40 bars. The pressure t h e r e f o r e  f a l l s  f a s t e s t  f o r  Case 3 l a r g e l y  because 

t h e  m o b i l i t y  o f  steam i s  on l y  about 0.4 o f  t h e  m o b i l i t y  o f  water f o r  t h e  e x i s t i n g  

condi t ions.  The pressure d i s t r i b u t i o n  i s  o therwise very s i m i l a r  f o r  t h e  t h r e e  

cases, and i t  i s  i n t e r e s t i n g  t o  observe t h a t  no abrupt change i n  t h e  pressure 

g rad ien t  can be seen over t h e  f l a s h i n g  f r o n t ,  as i s  commonly bel ieved. 

F igures 21 and 22 show t h e  temperature d i s t r i b u t i o n  o f  t h e  f l u i d  and 

t h e  fo rma t ion  f o r  cases 1.1 and 1.3. As a r e s u l t  o f  f l a s h i n g  and t h e  drop 

i n  pressure, t h e  e q u i l i b r i u m  temperature o f  t h e  f l u i d  and t h e  rock forn ia t ions 

must a l s o  drop. The temperature drop a f t e r  250 energy cyc les i s  1 7 ° C  f o r  

Case 1, and 13°C f o r  Case 3, but  t h e  temperature d e p l e t i o n  i n  a corresponding 

t i m e  i n t e r v a l  i s  g rea te r  f o r  Case 3, as can a l s o  be seen from t h e  energy d i s t r i -  

b u t i o n  i n  Figs. 15-17. 

Because t h e  d i s t r i b u t i o n  curves a r e  s i m i l a r  f o r  a l l  t h r e e  cases, i t  i s  

superf luous t o  show each o f  t h e m - i n  t h e  f o l l o w i n g  discussion. :Only t y p i c a l  

d i s t r i b u t i o n s  w i l l  be presented. 

F i g u r e  23 shows t h e  energy d i s t r i b u t i o n  f o r  Case 3.2. Please no te  tha t  t h e  

increase i n  t h e  r a d i a l  d i s tance  i s  now t w i c e  as l a r g e  as i n  t h e  prev ious cases. 

The k i n k  near t h e  t o p  o f  t h e  curve occurs a t  t h e  p o i n t  where steam changes 

f rom superheated t o  sa tu ra ted  steam. The i n t e r n a l  energy increase f o r  t h e  

e n t i r e  250 energy cyc les o f  60 days i s  15  kJ/kg a t  t h e  f i r s t  elenlent, g i v i n g  

a f i n a l  s p e c i f i c  energy o f  2580 kJ/kg. 

F igures 24 and 25 show t h e  stearn s a t u r a t i o n  f o r  Cases 1.2 and 3.2. 

The steam f r o n t  and l i q u i d  s a t u r a t i o n  move a t  about same speed f o r  t h e  two 

cases (no te  t h e - d i f f e r e n c e  i n  t i m e  f o r  each s e t  o f  curves), bu t  t h e  shape 
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of t h e  b o i l i n g  zone i s  s l i g h t l y  d i f f e r e n t .  

d i f f e r e n c e  i n  t h e  r e l a t i v e  per rneab i l i t ies  o f  t h e  two cases. A comparison 

o f  a l l  t h r e e  cases w i l l  be shown l a t e r  f o r  a corresponding t i m e  i n t e r v a l .  

Th is  can be expla ined by t h e  

F igures  26 and 27 show t h e  pressure dep le t i on  f o r  Cases 1.2 and 3.2. 

Although t h e  f i g u r e s  show a l a r g e r  t o t a l  pressure drop f o r  Case 1.2 than 

f o r  Case 3.2, t h e  t o t a l  pressure drop f o r  Case 3.2 i s  i n  f a c t  7% h ighe r  

f o r  a corresponding elapsed-time f rom t h e  beginning o f  t h e  drawdown. The 

t o t a l  pressure drop has decreased f rom ~P=47.0 bar  a t  t h e  end o f  Case 1.2 

compared t o  aP=40.0 b a r  a t  t h e  beginning. 

d e p l e t i o n  f o r  Case 3.2. 

cont inues t o  f a l l  du r ing  t h e  drawdown, y i e l d i n g  aT=S0C throughout t h e  t i m e  

p e r i o d  considered, b u t  ftT=18"C f rom t h e  beginning o f  t h e  drawdown. 

Since t h e  general behavior  o f  t h e  drawdown was s i m i l a r  f o r  t h e  

F igu re  28 shows t h e  temperature 

The temperature o f  t h e  f l u i d  and t h e  rock fo rmat ion  

t h r e e  r e l a t i v e  pe rmeab i l i t y  values throughout t h e  f i r s t  70-90 days, 

s i m i l a r  behavior  can be assumed over  l onger  t i m e  per iods.  

on l y  Case 1 was used i n  s imu la t i ng  a longer  drawdown per iod.  

e s t i n g  t o  observe how small  an e f f e c t  t h e  r e l a t i v e  pe rmeab i l i t y  d i s t r i b u t i o n  

has on t h e  general behavior  o f  t h e  f l a s h i n g  zone and t h e  pressure drawdown. 

F igures  29 and 30 show t h e  f l a s h i n g  zone and pressure drawdown f o r  up t o  

one-half year  o f  cont inuous mass produc t ion  a t  a r a t e  o f  16kg/s. 

Therefore, 

It i s  i n t e r -  

F igures  3 1  and 32 sum up t h e  r e s u l t s  o f  t h i s  s tudy by comparing steam 

s a t u r a t i o n  and pressure drawdown f o r  r a d i a l  f l o w  i n  t h e  t h r e e  d i f f e r e n t  

cases considered a f t e r  46.7 days of cont inuous mass product ion.  The cor res-  

ponding values f o r  Case 1.3 a f t e r  158 days a r e  a l s o  given. 

d i f f e r e n c e  i n  pressure a t  any loca t io ln  f o r  t h e  t h r e e  cases i s  3 bar, and 

The maximum 
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/- 

t h e  maximum d i f f e rence  i n  s a t u r a t i o n  i s  0.07. I n  both instances, t h i s  

corresponds t o  7% o f  t h e  maximuni d i f f e rence .  For Cases 1 and 3, which 

represent t h e  extremes o f  r e l a t i v e  p e r m e a b i l i t y  f o r  wh'ich we tested, t h e  

superheated steam r e g i o n  and t h e  f l a s h i n g  zone a re  i d e n t i c a l ,  a l though t h e  

l o c a t i o n s  o f  s a t u r a t i o n  l e s s  than 0.5 d i f f e r  s l i g h t l y .  I f  t h e  two f i g u r e s  

a re  compared, i t  can be seen t h a t  most of t h e  pressure drop occurs across 

t h e  superheated steam reg ion  and f l a s h i n g  zone f o r  both t ime  i n t e r v a l s  

considered. A f t e r  46.7 days, t h e  pressure drop over t h e  pure stearn 

zone extending r a d i a l l y  15 meters f rom t h e  cen te r  o f  t h e  borehole i s  

~ P = 2 6  bar. 

15 t o  100 meters i s  ~ P = 1 3  bar, and a t  t h e  o u t e r  l i m i t  o f  t h e  f l a s h i n g  zone 

t h e  pressure i s  7 ba r  below t h e  i n i t i a l  pressure i n  t h e  rese rvo i r .  

The pressure drop over t h e  f l a s h i n g  zone which extends outwards 
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I Relative permeability (Chen, H.K., 1976,1978) 

2 Corey's equation with S W i + s g c =  0.35 

3 Corey's equation with SWi+ S gc= 0.75 
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F ig .  11. R e l a t i v e  permeabi l i ty  curves f o r  the  three  
cases studied. 
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Fig. 12. Internal energy d i s t r i b u t i o n  for rad ia l  f low,  Case 1.1. 
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Fig. 13.  Internal energy distribution for radial f l o w ,  Case 2 . 1 .  
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Fig. 14. Internal  energy d i s t r i b u t i o n  f o r  rad ia l  ,f low, Case 3.1. 



.o 

Fig. 15. Steam sa tu ra t ion  for rad ia l  flow, Case 1 .1 .  
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Fig. 16. Steam sa tu ra t ion  f o r  rad ia l  flow, Case 2.1. 
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Fig. 17. Steam sa tu ra t ion  f o r  rad ia l  flow, Case 3.1. 
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Fig.  19. Pressure drawdown for radial flow, Case 2 . 1 .  
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Fig. 20. Pressure drawdown f o r  radial  flow, Case 3.1. 
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Fig. 25. Steam sa tura t ion  for  rad ia l  flow, Case 3.2. 
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Fig .  26. Pressure drawdown f o r  radial  flow, Case 1 .2 .  
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F i g .  27. Pressure drawdown f o r  radial  flow, Case 3 . 2 .  
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Fig. 28. Temperature deplet ion for rad ia l  flow, Case 3.2. 



-41 - 
/ \  

I .o 

0.9 

0.8 

0.7 

'= 0.6 z 
5: 0.5 
E 

0.4 
3j; 

0.3 

0.2 

0. I 

0.0 

c 
0 

=I 
t 

1.0 43.3 85.6 1279 170.2 212.5 2548 2971 339.4 381.7 424.0 
Di sto n c e ( met e r s 1 

XBL 789-1730 

Fig. 29. Steam sa tu ra t ion  for  rad ia l  flow, Case 1.3.  
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Fig .  32. Pressure drawdown for radial  flow, comparison. 
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Two-Zone Simul a t  i o n  

A two-zone s i m u l a t i o n  was undertaken i n  order  t o  understand t h e  i n t e r -  

a c t i o n  between t h e  two zones when f l u i d  wi thdrawal was made f rom both zones. 

A 10" s e c t o r  was c u t  ou t  o f  t h e  geothermal r e s e r v o i r  and s tud ied  f o r  a 

mass f l u x  o f  10 kg/s wi thdrawal f rom each o f  t h r e e  v e r t i c a l  elements a t  

a depth o f  1750-2125 meters. Above these elements, a t  a depth o f  875 - 
1000m, 20 kg/s was withdrawn f rom one element, y i e l d i n g  a t o t a l  wi thdrawal 

o f  50 kg/s. Th is  would represent  t y p i c a l  product ion f o r  a w e l l  i n  a s t a t e  

undis turbed by t h e  e f f e c t s  of chemical m ine ra l s  o r  non-condensible gas. 

A n e t  i n f l o w  equal t o  60% o f  t h e  wi thdrawal was assumed t o  f l o w  back i n t o  

t h e  lower  zone o f  t h e  r e s e r v o i r ,  bu t  t h e  upper zone was assumed t o  r e p l e n i s h  

i t s  own loss o f  f l o w  f rom t h e  bottom l a y e r  t o  t h e  sur face equal t o  20 kg/s.  

The dimensions o f  t h e  two-zone s i m u l a t i o n  a r e  shown on Fig. 8. A 

m2)  l i e s  500 m t h i c k  caprock o f  p r a c t i c a l l y  zero p e r m e a b i l i t y  (k = 

between t h e  two zones a t  a depth o f  1000 - 1500 meters, except f o r  t h e  

f i r s t  t h r e e  elements o f  t h e  apex which extends 500m i n  r a d i a l  d istance, 

and has t h e  same p e r n i e a b i l i t y  and o t h e r  p r o p e r t i e s  as t h e  upper zone. 

Table 3 g ives t h e  p r o p e r t i e s  o f  t h e  rock ma te r ia l s ,  which a re  assumed t o  

be independent o f  temperature. 



-45- 

TABLE 3 - ROCK PROPERTIES 

Dens i ty  Poros i t y  Permeabi 1 i t y  Th ernia 1 Speci f i c 
Conduct iv i t y  Heat 

kg/m3 Dimens i on1 ess m 2 W/m-"C J/kg-"C 

Upper Zone 2650 0.10 3 . 1 0 ' ~ ~  2.9 950 

Lower Zone 2560 0.10 1 . 1 0 ~ ~  2.9 950 

C a p rock 2650 0.01 1.10-17 2.9 950 

The i n i t i a l  cond i t ions  o f  pressure and temperature a re  shown i n  Fig.  6 .  

Constant temperature boundary cond i t i ons  on t o p  and bottom a r e  imposed by 

g i v i n g  t h e  t o p  and bottom l a y e r  an a r t i f i c i a l l y  h i g h  heat capaci ty ,  f o r  

example lo6  J/kg°C. 

be a d i a b a t i c  and impermeable. 

drawal a r e  t r e a t e d  as mass sources and sinks.  

The v e r t i c a l  boundaries o f  t h e  r e s e r v o i r  a r e  assumed t o  

The i n f l o w  mentioned above and t h e  mass w i t h -  

The g r i d  cons is t s  o f  16 layers ,  each o f  125 meters th ickness. I n  each 

The computer l a y e r  t h e r e  a re  11 elements, g i v i n g  a t o t a l  o f  176 elements. 

(CDC 7600) took  approximately 0.6 computer seconds t o  execute a t y p i c a l  

energy cycle,  b u t  t h a t  f i g u r e  depends on how many f l o w  cyc les  were executed 

f o r  each energy cycle. 

each energy c y c l e  when t h e  maximum a l lowab le  v a r i a t i o n  i n  energy change f o r  

each t i m e  s tep  was AElOLkJ/kg, t h e  maximum a l lowab le  change i n  dens i t y  

change f o r  each f l o w  c y c l e  t i m e  step was ~ ~ 5 1 0  kg/m , and t h e  maximum 

a l lowab le  pressure change was l e s s  than  5 percent  o f  t h e  ac tua l  pressure. 

On t h e  average, about 6 f l o w  cyc les  were done f o r  

3 

I 
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When dea l i ng  w i t h  two-phase flow, i n  order  t o  accomplish s imu la t i on  f o r  a 

r e s e r v o i r  o f  t h i s  s i z e  over so many years, i t  was necessary t o  increase 

t h e  va lue o f  these parameters, which i n  t u r n  c o n t r o l  t h e  t i m e  steps taken. 

f h i  s w i  11 hopeful  l y  r e s u l t  i n no appreci ab1 e 1 oss i n accuracy regard ing 

t h e  t i m e  step. 

. 

When d e a l i n g  w i t h  mass sources, t h e  enthalpy o f  t h e  source must a l s o  

be given. 

phase f l u i d .  

For t h e  s ink  term, t h e  enthalpy i s  e a s i l y  computed f o r  s i n g l e  

For  two-phase f l u i d ,  t h e  mass f r a c t i o n  o f  each phase and t h e  

t o t a l  enthalpy must be computed. 

I n  order  t o  consider  t h e  h o r i z o n t a l  wi thdrawal out o f  t h e  element, 

t h e  combination o f  Eqs. (1) and (2 )  g ives t h e  q u a l i t y  o f  t h e  stearn de f i ned  

as t h e  mass o f  steam withdrawn d i v i d e d  by t h e  t o t a l  mass withdrawn. 

kR.. 
t 

x =  * 
1-1, 

x =  pvRv Rf4 
- +pR- 1-111 1-1V 

pv y " A ?  - - .  ( 5 )  

A l l  values on t h e  r i g h t  hand s i d e  of Eq. (6)  a r e  t h e  average values i n  t h e  

element and a re  solved f o r  each t i m e  step. 
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The mass f l o w  f o r  each phase i s  then g iven as: 

The s p e c i f i c  enthalpy o f  t h e  mass f l u x  withdrawn i s  given by: 

h = x hv + (1-X) h, 

and t h e  t o t a l  enthalpy f l u x  is :  

(9) 

The s a t u r a t i o n  o f  t h e  s i n k  f l o w  can be h igher  o r  lower than t h e  s a t -  

u r a t i o n  i n  t h e  element, i.e., more o r  l e s s  steam than water can be withdrawn. 

The r e l a t i o n s h i p  between steam q u a l i t y  and steam s a t u r a t i o n  i s  given by t h e  

equat i on : 

s% 
SPV + (l'S)PR 

x =  

I f  t h i s  equat ion i s  compared w i t h  Eq. (6), t hen  t h e  q u a l i t y  o f  t h e  

f l u i d  withdrawn i s  equal t o  t h e  q u a l i t y  o f  t h e  f l u i d  i n  t h e  c e l l  o n l y  

when 
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When t h e  r i g h t  hand s i d e  o f  Eq. (12) i s  g rea te r  than t h e  l e f t  hand side, 

t h e  q u a l i t y  o f  f l u i d  withdrawn f rom t h e  element i s  l e s s  than t h e  q u a l i t y  

o f  t h e  f l u i d  i n  t h e  element and v i c e  versa. 

The SHAFT78 computer program s imulated t h e  two-zone r e s e r v o i r  f o r  

Th is  s i m u l a t i o n  modeled about 1600 energy cyc les and about 33.3 years. 

10,000 f 1 ow cyc l  es. 

F igu re  33 shows t h e  pressure drawdown and s a t u r a t i o n  as a func t i on  

of t i m e  i n  t h e  cen te r  o f  t h e  drawdown i n  t h e  lower zone. The f a l l  i n  

pressure i s  i n i t i a l l y  very small. 

on l y  about 1 bar. 

drop increases and reaches a s t r a i g h t  l i n e  on a l o g a r i t h m i c  t i m e  sca le  a f t e r  

about 2 years. Dur ing t h i s  t ime, t h e  steam s a t u r a t i o n  has increased t o  

occupy 25% o f  t h e  v o i d  volume. 

A t  0.1 year  t h e  pressure has dropped 

As t h e  s a t u r a t i o n  increases i n  t h e  c e l l ,  t h e  pressure 

S h o r t l y  t h e r e a f t e r ,  t h e  pressure begins t o  f a l l  f a s t e r  than t h e  s t r a i g h t  

l i n e .  

of steam under t h i s  condi t ion,  a d d i t i o n a l  water f l ows  i n t o  t h e  element f rom 

neighbor ing elements a t  s i m i l a r  s a t u r a t i o n  l eve l s .  

decrease of sa tu ra t i on .  

t h e  pressure gradient ,  which i s  a f u n c t i o n  o f  m o b i l i t y ,  a l s o  becomes l e s s  

steep. 

reaches i ' t s  minimum. 

be caused by numerical inaccuracy, t h e  o s c i l l a t i o n  i n  s a t u r a t i o n  i s  

d e f i n i t e l y  due t o  t h e  o s c i l l a t i o n  i n  t h e  pressure. Garg (1978) discusses a 

s i m i l a r  phenomenon, where t h e  s a t u r a t i o n  reaches a constant va lue  l e s s  

t h a n  1 which r e s u l t s  i n  a constant t o t a l  m o b i l i t y  and t h e r e f o r e  a constant 

Since t h e  m o b i l i t y  o f  water i s  about 10 t imes h ighe r  than m o b i l i t y  

This i s  t h e  reason f o r  t h e  

But as soon as t h e  s a t u r a t i o n  begins t o  decrease, 

When t h e  pressure shoots above t h e  s t r a i g h t  l i n e ,  t h e  s a t u r a t i o n  

The o s c i l l a t i o n  of t h e  pressure gradient  cou ld  e a s i l y  

s lope  o f  t h e  pressure g rad ien t  on a l o g a r i t h m i c  t i m e  scale. 

F i g u r e  34 shows t h e  temperature and t h e  enthalpy f l u x  c a l c u l a t e d  from 
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E q .  ( 9 )  f o r  t h e  same element shown i n  t h e  prev ious f i gu re .  

a t u r e  drops by 16°C over a 30 year  per iod.  

The temper- 

Due t o  f l a s h i n y  i n  t h e  

format ion,  t h e  enthalpy i n i t i a l l y  increases and reaches i t s  maximum l e v e l  

a t  approximately t h e  same t i m e  t h e  s a t u r a t i o n  reaches i t s  maximum. A f t e r  

10 years t h e  enthalpy f a l l s  s t e a d i l y  as a r e s u l t  o f  t h e  drop i n  temperature. 

The o s c i l l a t i o n  i n  s a t u r a t i o n  does no t  a f fect  t h e  enthalpy f l u x  a f t e r  10 

years,  f o r  when m o b i l i t y  i s  a t  i t s  minimum, t h e  s a t u r a t i o n  i s  a t  i t s  

maximum; there fore ,  t h e  q u a l i t y  o f  f l u i d  withdrawn, independant o f  small  

f l  u c t u a t i  ons i n  satuat ion,  remains p r a c t i c a l  l y  constant.  

F igures  35 and 36 show constant  pressure curves i n  t h e  r e s e r v o i r  a f t e r  

11-3/4 years and 33-1/3 years. The heavy l i n e s  i n d i c a t e  t h e  area o f  mass 

withdrawal f rom t h e  upper and lower  zones. That t h e  d i p  i n  t h e  constant  

pressure l i n e  i n  t h e  upper r e s e r v o i r  i s  cons iderably  smal le r  than t h e  d i p  

i n  t h e  lower  zone may be p a r t l y  a r e s u l t  o f  h ighe r  permeab i l i t y ,  b u t  i t  i s  

a l s o  t h e  e f f e c t  o f  b o i l i n g  i n  t h e  lower  zone which causes t h e  t o t a l  m o b i l i t y  

t o  decrease even f u r t h e r .  

F igures  37-41 show constant  steam s a t u r a t i o n  l i n e s  i n  t h e  f o r m a t i o n  a f t e r  

several  per iods  o f  product ion.  The f l a s h  f r o n t  i s  f i r s t  l o c a t e d  i n  two 

places around t h e  mass withdrawal a t  t h e  t o p  o f  t h e  lower  zone near t h e  

connect ion w i t h  t h e  upper r e s e r v o i r  (Fig. 37). 

zone rushes t o  t h e  upper zone, causing t h e  pressure t o  f a l l  and t h e  f l u i d  

t o  b o i l .  

and spread out, b u t  t h e r e  i s  a low i n  t h e  s a t u r a t i o n  between t h e  two b o i l i n g  

areas. 

zone a f t e r  11-3/4 years t o  a depth o f  2000 - 2200 meters. 

a constant  s a t u r a t i o n  a f t e r  20 years. 

The f l u i d  f rom t h e  lower  

A f t e r  7-1/2 years (Fig. 38), t h e  two f l a s h  f r o n t s  have connected 

F igu re  39 shows t h a t  b o i l i n g  i s  t a k i n g  p lace  i n  a l l  o f  t h e  lower  

F igu re  40 shows 

The 20 percent  s a t u r a t i o n  f r o n t  
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has become l a r g e r  i n  both areas, and a 30 percent s a t u r a t i o n  has occurred 

i n  t h e  area connect ing t h e  two zones. 

through t h e  connect ion condenses as i t  h i t s  t h e  c o l d  f r o n t  o f  t h e  upper 

zone. 

A l l  t h e  steam t h a t  f l ows  upward 

F i g u r e  41 shows t h e  s a t u r a t i o n  reg ions a t  t h e  end o f  s imu la t i on  (33-1/3) 

years. 

meters i s  now b o i l i n g  i n  t h e  lower  r e s e r v o i r  w i t h  60 percent s a t u r a t i o n  a t  

t h e  t o p  o f  t h e  zone j u s t  under t h e  caprock. 

A r e g i o n  1200 meters wide reaching down t o  an average depth o f  2250 

It i s  expected t h a t  t h i s  model o f  t h e  two zones w i l l  g i v e  a general 

p i c t u r e  of t h e  r e s e r v o i r ' s  behavior under cond i t i ons  o f  wi thdrawal 

However, because o f  t h e  very l a r g e  c e l l s ,  whose mass s ink  i s  equiva lent  

i n  volume t o  130 cubic  meters, we l o s e  t h e  degree o f  r e s o l u t i o n  f o r  

behavior  around t h e  borehole which was obta ined i n  t h e  preceding chapter 

on r a d i  a1 f low. 

represent  on l y  t h e  average values o f  t h e  element bu t  not t h a t  which can 

be expected t o  occur a t  t h e  borehole i t s e l f  where a l l  t h e  water has f l a s h e d  

and superheated steam f l o w s  f rom t h e  fo rma t ion  i n t o  t h e  borehole. 

o f  pressure, sa tu ra t i on ,  temperature and enthalpy f l u x  shown i n  Figs. 33 and 

34 consequently do not  represent  t h e  values t h a t  can be expected t o  f l o w  i n t o  

t h e  boreholes. 

around boreholes must be s imulated by a two-dimensional r a d i a l  f l o w  super- 

imposed upon t h e  two-zone s i m u l a t i o n  discussed here. 

The pressure, temperature and enthalpy f 1 ux t h e r e f o r e  

The values 

I n  o rde r  t o  achieve t h i s  degree o f  v e r i s i m i l i t u d e ,  t h e  area 

The i n t e r e s t i n g  r e s u l t  o f  t h e  two-zone s i m u l a t i o n  i s  t h a t  t h e  e n t i r e  

low-zone of t h e  r e s e r v o i r  i s  b o i l i n g ,  w i t h  steam s a t u r a t i o n  i n  t h e  range 

o f  20-60 percent a f t e r  o n l y  a few years o f  e x p l o i t a t i o n .  

withdrawn f rom t h e  lower  zone, t h e  t i m e  r e q u i r e d  by t h e  r e s e r v o i r  t o  reach 

I f  more mass i s  
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an equ iva len t  l e v e l  of s a t u r a t i o n  w i l l  be i n v e r s e l y  p ropor t i ona l  t o  t h e  mass 

withdrawn. For  instance, a 60 kg /s  mass produc t ion  w i l l  y i e l d  a s i m i l a r  

s a t u r a t i o n  d i s t r i b u t i o n  a f t e r  approximately h a l f  t h e  t i m e  requ i red  f o r  a mass 

p roduc t i on  o f  30 kg/s.  The pressure d i s t r i b u t i o n  w i l l  o f  course be d i f f e r e n t  

and depend upon t h e  l o c a t i o n  of t h e  drawdown. 
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Fig. 34. Temperature and enthalpy flux a t  the center of 
drawdown in the lower zone. 
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Fig. 35. Pressure d i s t r i b u t i o n  in  the r e se rvo i r  
af ter  11-3/4 years  of constant 
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F i g .  36. Pressure d i s t r i b u t i o n  in  the r e se rvo i r  
a f t e r  33-1/3 years  of constant  
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Fig. 37. Pressure d i s t r i b u t i o n  i n  the reservoir 
a f t e r  33-1/3 years  of constant  
production of ti = 50 kg/s .  of = 50 kg/s .  

Fig. 38. Steam s a t u r a t i o n  in  formation a f t e r  
2-1/4 years  of constant  production 
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F i g .  39. Steam sa tu ra t ion  i n  formation a f t e r  
7-1/2 years  of constant  production 
of m = 50 kg/s. 
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F i g .  40. Steam sa tu ra t ion  i n  formation a f t e r  
11-3/4 years  of constant  production 
of m = 50 kg/s.  



-56- 

0 1800m 
500 m I 1  I I I I I I I 1  1 

F 

2 5 0 0 m  I I I I I I I I 1 1  

XBL 788- 1480 

Fig .  41. Steam sa tu ra t ion  i n  formation a f t e r  33-1/3 
years  of constant  production of m = 50 kg/s. 
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CONCLUSIONS 

When a r e s e r v o i r  i s  c l o s e  t o  i t s  s a t u r a t i o n  p o i n t  and t h e  absolute permea- 

b i l i t y  o f  t h e  format ion i s  small ,  r a d i a l  f l o w  s tud ies  i n d i c a t e  t h a t  t h e  f l u i d  

i n  t h e  element c o n t a i n i n g  t h e  p roduc t i on  becomes superheated steam very 

r a p i d l y ,  i n  f a c t ,  w i t h i n  a few days. 

spreads r a t h e r  slowly. 

20 meters r a d i a l  d i s tance  from t h e  w e l l ,  w h i l e  t h e  b o i l i n g  zone i n  t h e  

fo rma t ion  has spread more than 200 meters i n  r a d i a l  distance. The general 

behavior o f  t h e  r e s e r v o i r ,  e.g., t h e  pressure drop and t h e  spread o f  t h e  

superheated steam f r o n t  and t h e  b o i l i n g  f r o n t ,  i s  on l y  s l i g h t l y  a f f e c t e d  

by t h e  r e l a t i v e  p e r m e a b i l i t y  d i s t r i b u t i o n  over t h e  wide range o f  cases 

studied. 

t h e  bo i  1 i ng boundari es. 

The superheated steani zone, however, 

Af ter  1 / 2  year  o f  product ion,  i t  extends l e s s  than 

No d i s c o n t i n u i t y  o f  t h e  pressure g rad ien t  can be found across 

For  a two-zone r e s e r v o i r  having an impermeable l a y e r  between a c o l d  

upper zone and a h o t  zone near s a t u r a t i o n  a t  t h e  bottom, i t  is seen t h a t  

b o i l i n g  i n  t h e  format ion begins not  o n l y  near t h e  p roduc t i on  we l l s ,  but  i t  

can a l s o  begin where t h e  two zones connect. Because t h e  elements considered 

i n  t h e  modeling o f  t h e  two-zone r e s e r v o i r  a r e  so large,  no superheated 

reg ion  was found, as was t h e  case i n  t h e  r a d i a l  f l o w  study, due t o  a l o s s  

i n  r e s o l u t i o n ;  b u t  t h e  b o i l i n g  zone spreads r e l a t i v e l y  f a s t ,  and b o i l i n g  

takes p lace  i n  t h e  lower zones down t o  3200 meters depth l o n g  be fo re  

d e t e c t i o n  o f  a superheated steam region. 

w i l l  cont inue t o  t a k e  p lace  i n  a l a r g e  p o r t i o n  of t h e  lower zone and 

no t  r e t u r n  superheated u n t i l  most of t h e  format ion has become sa tu ra ted  

by steam. 

It i s  be l i eved  t h a t  b o i l i n g  

As i n d i c a t e d  by t h e  r e s u l t s ,  t h e  superheated reg ion  w i l l  
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begin a t  t h e  t o p  of t h e  lower zone j u s t  below t h e  caprock and descend 

gradual l y  f rom there.  

It would be d e s i r a b l e  t o  cont inue s i m u l a t i o n  o f  t h e  K r a f l a  Geothermal 

F i e l d  i n  order  t o  consider  t h e  t o t a l  geothermal area under f u l l  p roduc t i on  

corresponding t o  60 MW and 120 MW e l e c t r i c a l  power generation. 

research would superimpose t h e  r a d i a l  f l o w  upon t h e  l a r g e  g r i d  near t h e  

p roduc t i on  w e l l s  and would even tua l l y  i n c l u d e  i n j e c t i o n  w e l l s  l o c a t e d  

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

Such 

6 
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Dr.  J.  Howard f o r  making t h i s  

and M. Zerzan have o f f e r e d  va 

work possible.  
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NOMENCLATURE 

rnobi 1 i t y  , pk , seconds 
IJ 

accel e r a t  i on o f  g r a v i t y  , 9.80665 m/sec2 

s p e c i f i c  enthalpy, u + P/p, kJ/kg 

absol Ute permeabi 1 i ty, m2 (1 md=10'15 mZ) 

thermal c o n d u c t i v i t y  W/m°C 

mass produc t ion  ra te ,  kg/s 

pressure, ba r  = 10 N/m 

r e l a t i v e  permeab i l i t y ,  d imensionless 

res idua l  immobile water s a t u r a t i o n  (volume f rac t i on ,  dimensionless 

steam s a t u r a t i o n  (volume f r a c t i o n ) ,  d imensionless 

5 2  

t ime: seconds, days, years 

temperature, "C 

s p e c i f i c  i n t e r n a l  energy, kJ/kg 

q u a l i t y  (mass f r a c t i o n  of steam 

Greek 

0 poros i t y ,  v o i d  f r a c t i o n  

p dens i ty ,  kg/m3 

1.1 dynamic v i s c o s i t y ,  kg/m-s 

Subscr i  p t s  

R l i q u i d  

, dimensionless 

v vapor 



-61 - 

REFERENCES 

Bjornsson, A., Einarsson, P., G r h v o l d ,  A., Saemundsson, K., Trygguason, E., 
1977. Current  r i f t i n g  episode i n  Nor ther  Ice land:  Nature, v. 266, p .  
318-322. 

Bjornsson, A., Johnsen, G., Sigurdsson, S . ,  Thorbergsson, G., Trygguason, E., 
1978. R i f t i n g  o f  t h e  p l a t e  boundary i n  Nor th Ice land,  1975-1978: 
Nat iona l  Energy Au tho r i t y  (NEA) of Iceland, OS-JHD 7821, and Nord ic  
Vo lcano log ica l  I n s t .  7807. 

Chen, Hsiu-Kuo, 1976. Measurement o f  water i n  porous media under geothermal 
f l u i d  f l o w  cond i t ions :  S tan ford  r e p o r t  SGP-TR-15. 

Chen, H. K., Counsi l ,  J. R., Ramey, N. J., 1978. Experimental steam-water 
re1  a t i  ve pernieabi 1 i t y  curves: Geothermal Resources Counci 1, Transac- 
t i o n s ,  v. 2, p. 103-104. 

Corey, A. T., 1954. The i n t e r r e l a t i o n  between gas and o i l  p e r m e a b i l i t i e s :  
Prod. Monthly, v. 19, p. 38-41. 

Garg, S .  K.? 1978. Pressure t r a n s i e n t  ana lys i s  f o r  two-phase geothermal 
r e s e r v o i r :  Geothermal Resources Counci l ,  Transact ions,  v. 2, p. 203-206. 

Na t iona l  Energy A u t h o r i t y  (NEA) o f  Ice land,  1977. Borehole b u l l e t i n ,  No. 7. 

Pruess, K., Schroeder, R. C, Zerzan, M. J., 1978. Studies o f  f l o w  problems 
w i t h  t h e  s imu la to r  SHAFT78: 
Reservo i r  Engineering, S tan ford  Un ive rs i t y ,  Dec. 13, 1978. 

Summaries, Four th  Workshop, Geothermal 

Pruess, K y ,  Zerzan, J.  M., Schroeder, R. C., Witherspoon, P. A. 1979. 
D e s c r i p t i o n  o f  t h e  three-dimensional  two-phase s imu la to r  SHAFT78 f o r  use 
in geothermal r e s e r v o i r  s tud ies :  Soc ie ty  o f  P e t r o l  eum Engineers o f  AIME 
5 t h  Symposium on Reservoi r  Simulat ion,  Denver, Colorado, Feb. 1-2, 1979: 
SPE-7699. Lawrence Berkeley Laboratory  P rep r in t :  LBL-8802. 

Saemundsson, K., 1974. Evo lu t i on  o f  t h e  a x i a l  r i f t i n g  zone i n  Nor thern 
I c e l a n d  and t h e  T jornes f r a c t u r e  zone: Geol. SOC. Am. Bul l . ,  v. 85, 
No. 495. 

Sugurdsson, O., Stefansson, V.,  1977. T ransmiss i v i t y  i n  boreholes i n  K r a f l a :  
NEA o f  Iceland, OS-JHD 7727. 

Weres, O., Schroeder, R., 1978. Documentation f o r  program OGRE: Lawrence 
Berkeley Laboratory  repo r t ,  LBL-7060. 

U.S.GPO:1979-689-058 ( F )  25 



I 

Tpis report was done with support from the 
Department of Energy. Any conclusions or  opinions 
expresied 'in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the  University of Cahfornla, the Lawrence Berkeley 
Labor4tory or the Department of Energy. 

~ Reference to a company or  product name does 
not imply approval or recommendation of the 
produdt by the University of California or the U S 
Depart,ment of Energy to the exclusion of others that 
may be suitable. 

I 



TECHNICAL INFORMATION DEPARTMENT 
LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 
BERKELEY, CALIFORNIA 94720 




