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INTRODUCTION 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

i n  Fig.  1. 

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

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

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

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

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

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

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

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

Fig.  2.  

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

before  discharge.  

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Discussion 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

(Sarmiento 1980).  

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

4 Two phase systems have 102-10 t imes h igher  
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s h o r t  r a d i u s  of  i n f luence  i n  two-phase reservoir  makes it reasonable  

t o  compare w e l l s  tapping two-phase reservoi rs  wi th  t h r e e  dimensional w e l l s .  
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SIMPLIFIED MODEL OF THE KRAFLA GEOTHERMAL FIELD 

FLOW P A T T E R N  
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Fig. 1. S i m p l i f i e d  model of t h e  Kra f l a  geothermal f i e l d .  
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Fig. 2 .  Temperature and p res su re  i n  t h e  Kra f l a  r e s e r v o i r .  
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Fig.  7 .  Kraf l a  KG-12, Temperature and p res su re  p r o f i l e s  during d ischarge .  




