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F1 ow Impedance 

For the  c i r c u l a t i o n  system, the  f l o w  impedance i s  de f i ned  as t he  

drop through t he  f r a c t u r e  system connect ing the  p roduc t ion  and i n j e c t  

we l lbores  d i v i d e d  by the  p roduc t i on  f l o w  r a t e .  F igure  11-1 shows the  

impedance co r rec ted  f o r  buoyancy e f f e c t s  between the  c o l d  and h o t  we1 

pressure 

on 

measured 

bores. 
The l a r g e  decrease i n  impedance i s  a t t r i b u t e d  t o  changes i n  the f r a c t u r e  system 

and i t s  connect ions t o  t he  we l lbores  caused by l o c a l i z e d  c o o l i n g  ( thermal  

s t r e s s )  and/or pore pressure induced " s t r e s s  re1  i e f "  e f f e c t s .  Changes i n  

impedance have been a t t r i b u t e d  t o  shear-1 i ke ,d i sc re te  events o c c u r r i n g  w i t h i n  

the  r e s e r v o i r .  

the  rock  may have undergone cons iderab le  d i s l o c a t i o n  du r i ng  the f l o w  t e s t .  

-_ F rac tu re  Volume and Degree of M i x i ng  

Dye t r a c e r  techniques developed p r e v i o u s l y  were used t o  cha rac te r i ze  

the  f r a c t u r e  system volume under f l o w  cond i t i ons  and the  f l u i d  res idence-  

t ime d i s t r i b u t i o n  (RTD) w i t h i n  t he  rese rvo i r . '  

du r i ng  the  75-day t e s t ,  a 200 ppm, 100 ga l  (400 l i t e r )  pu l se  o f  sodium- 

f l u o r e s c e i n  dye was i n j e c t e d  i n t o  t h e  EE-1 wel lhead, pumped down EE-1 and 

through the  f r a c t u r e d  reg ion ,  and up the  GT-2B we l lbore .  

i n  t he  produced f l u i d  was moni tored spec t ropho tome t r i ca l l y  a t  the  sur face  

as  a f unc t i on  of t ime and volume throughput.  The r e s u l t s  o f  the  f o u r  expe r i -  
ments a re  descr ibed  by p l o t t i n g  normal ized t r a c e r  concen t ra t i on  as a f u n c t i o n  

of e f f e c t i v e  f r a c t u r e  system o r  throughput  volume as shown i n  F ig .  11-2. 
Flow i n  t he  f r a c t u r e  system can be descr ibed as wel l-mixed w i t h  no major 

s h o r t  c i r c u i t s .  

d i spe rs i on  o f  f l o w  i n  a s i n g l e  h y d r a u l i c  f r a c t u r e .  

and of the  known ex is tence  o f  m u l t i p l e  f l o w  paths between EE-1 and GT-ZB, 

sed by d i s p e r s i o n  w i t h i n  i n d i v i d u a l  f l o w  

m ix i ng  o f  va r ious  p roduc t ion  f lows  i n  

s t a t i s t i c a l  q u a n t i t i e s  a re  needed t o  

These changes a r e  apparen t l y  i r r e v e r s i b l e  and i n d i c a t e  t h a t  

I n  the  f o u r  experiments run  

Dye concen t ra t i on  

The degree o f  m i x i ng  cannot be adequately accounted f o r  by 

Because o f  t h i s  f a c t  

t he  observed shape o f  t he  RTD i s  ca 

paths as w e l l  as supe rpos i t i on  f rom 

the '  we1 1 bore. Consequently, severa . 
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descr ibe  f l o w  i n  the  system. 

t he  f low through the  major  p roduc t ion  paths i n  GT-2B w h i l e  t h e  increase i n  

the  spread of t he  d i s t r i b u t i o n  i s  i n d i c a t i v e  of longer  res idence t ime paths 

p o s s i b l y  through more c i r c u i t o u s  rou tes  i n  t he  rock. 

Several  general  comments can be made: ( 1 )  t he  f r a c t u r e  f l o w  system has 
grown cons iderab ly  i n  s i z e  d u r i n g  the  75-day ter;t,the i n t e g r a t e d  mean f r a c t u r e  

system volume was 14,900 gal  on 4/7/78, up f rom 9090 on 2/9/78 and the  median 

volume i s  l a r g e r ,  12,800 ga l  versus 6750 ga l ,  ( 2 )  t he re  i s  evidence f o r  the  
development o f  a d d i t i o n a l  secondary f l o w  paths, t h a t  i s  t he  tendency toward 
e a r l i e r  and l a t e r  a r r i v a l  of dye w i t h  sma l le r  and l a r g e r  res idence t imes 

( o r  volumes) caus ing an increase i n  the  spread o f  t he  d i s t r i b u t i o n ,  ( 3 )  t he  

apparent degree o f  m i x i ng  o r  d i s p e r s i o n  i s  v i r t u a l l y  unchanged between t he  

3/1/78 and 4/7/78 exper iments as shown by the  s i m i l a r  shapes o f  the  phase 

1-2, 1-3, and 1-4 curves when p l o t t e d  on normal ized volume coord ina tes .  

F1 u i d Geochemi s t ry  

i n j e c t i o n  wel lhead, the  p roduc t ion  wellhead,and from the  makeup system. A 

mass balance o f  d i sso l ved  m a t e r i a l  i n  the f l u i d  c i r c u l a t i n g  through t he  

sur face  system i n d i c a t e s  t h a t  no d e p o s i t i o n  o r  s c a l i n g  occurred i n  the surface 

equipment. The change i n  concen t ra t i on  w i t h  t ime o f  va r ious  d i sso l ved  species 

i n  the r e c i r c u l a t i n g  f l u i d  should be c o n s i s t e n t  w i t h  the  models which have 

been de r i ved  from geophysical  mapping techniques, f l o w  and temperature 

The median volume reasonably represen ts  

Samples of t h e  c i r c u l a t i n g  f l u i d  were c o l l e c t e d  p e r i o d i c a l l y  a t  the  

surveys and r a d i o a c t  

The graphs o f  S 

vs t ime shown i n  F i g  

d u r i n g  the  75-day t e  

ve t r a c e r  exper iments.  

C1- and HCO; concen t ra t ions  and s o l u t i o n  c o n d u c t i v i t y  

Samples taken e a r l y  i n  the  t e s t  have h i g h  concentra- 

O2 , 
11-3 i l l u s t r a t e  the  general  behavior  o f  the  r e s e r v o i r  

t. 

t i o n s  of d i sso l ved  species (TDS3300 ppm) and represen t  u n d i l u t e d  f l u i d  con- 

ta i ned  i n  the  r e s e r v o i r  severa l  months p r i o r  t o  t h i s  exper iment.  R e l a t i v e l y  

f resh makeup water  ( ~ 4 0 0  ppm TDS) i s  i n j e c t e d  i n t o  the  r e s e r v o i r  where i t  

mixes w i t h  and d i l u t e s  the  f l u i d  conta ined i n  t he  f r a c t u r e  system. 

when the  makeup water  r a t e  i s  h igh,  the  d i l u t i o n  e f f e c t  dominates and con- 

c e n t r a t i o n s  a re  low. As r e c i r c u l a t i o n  cont inues and the  water  l o s s  r a t e  

t o  permeation decreases, the  concen t ra t i on  o f  d i sso l ved  m a t e r i a l  r i s e s  and 

e v e n t u a l l y  approaches an asymptote. The sharp peak on day 23 corresponds 

I n i t i a l l y ,  
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t o  a sudden change i n  flow impedance, a short shutdown and a resulting 
partial  flow back o f  f luid (see F i g .  11-1). Water which had been forced 
i n t o  the rock pores returned t o  the circulating system because of a 
transitory pressure decline, providing a source of h i g h  concentration 
f l u i d .  As the system returned t o  i t s  i n i t i a l  injection pressure, the 
f luid which returned from the poreswas replaced and high makeup flows were 
required. 
15 days i n  the Si02 concentration vs time graph ( F i g .  11-3). 

value of Si02 concentration shown in Fig .  11-3 suggests a reservoir tempera- 
ture of 188°C.2 The temperature of the water leaving the fracture system 
and entering the wellbore was measured downhole. 
circulation this  downhole temperature was below 160°C corresponding t o  a 
quartz-controlled saturation concentration of less than 147 ppm. 
declining mean reservoir temperature could no t  account for  the increasing 
Si02 content i n  the f luid.  A secondary flow p a t h  a t  the i n i t i a l  reservoir 
temperature i s  required. According t o  a simple kinetic model, the chanae i n  
s i l i c a  concentration with time for t h a t  fraction of the f low corresponds 
t o  a f i r s t  order rate depending on the difference between the s i l i ca  satura- 
t i o n  value of the highest reservoir temperature in contact with flowing f l u i d  
and the average s i l i c a  concentration a t  any particular time: 

The dilution ef fec t  of this h i g h  makeup rate i s  seen for 10 t o  

Assuming quartz-control led saturation of Si02 i n  solution , the asymptotic 

Within three days o f  

Clearly the 

(11-1 ) 

where ka*is a constant which includes relevant mass transfer rates ,  dis- 
s o l u t i o n  kinetics ra tes ,  and a rock surface area t o  f luid volume parameter. 
Assuming no dissolution or reprecipitation occurs i n  the cooler main flow 
p a t h ,  a different ial  material balance shows t h a t  the rate  of accumulation 
of Si02 i s  due t o  three principle effects :  
flow p a t h ,  the f l u i d  loss rate  due t o  permeation, and the production of 
S i02  due t o  active dissolution and/or displacement i n  the h o t  region. I f  
the circulation time i s  large compared t o  the overall mean residence time 
T ,  the material balance i s  written as: 

the relat ive volumes of each 
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qT qT 
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(11-2) 

V 

CM 
Coo = (SiOp s a t )  

= t o t a l  volume o f  p r imary  and secondary f l o w  paths = V1+V2 

= (S i02)  makeup = concen t ra t i on  o f  SiOt, i n  t he  makeup water 
L. 

= qua r t z  c o n t r o l l e d  s a t u r a t i o n  concen t ra t i on  o f  
T=Tmax 

$ i o 2  a t  Tmax 
- 
C 

k 
a 

= (T) = average concen t ra t i on  o f  S i02  a t  t ime t 

= d i s s o l u t i o n  mass t r a n s f e r  coe f f i c i en t : ,  cm/sec 

= rock  sur face  area t o  f l u i d  volume r a t i o ,  cm’l 

= f l u i d  c i r c u l a t i o n  r a t e  through h o t  r eg ion  a t  t ime t 

= t o t a l  f l u i d  c i r c u l a t i o n  r a t e  a t  t ime t 

= mean res idence t ime i n  h o t  r eg ion  (secondary f l o w  path)  

= f r a c t i o n  o f  p l u g  f l o w  convers ion = f u n c t i o n  o f  d i spe rs i on  i n  h o t  

* 

?2 

!T 
= f l u i d  l o s s  r a t e  t o  permeation a t  t ime t - - 

q loss  qmakeup 

f 
T2 

r eg ion  ( f  < 1 )  

I n  the  case o f  low water l o s s  and r a p i d  r e a c t i o n  i n  the  h o t  r eg ion  

(ka*.r2f >> l ) ,  eq (11-2) reduces t o  

( 11-3) 

s a t  - The s o l u t i o n  t o  t h i s  equa t ion  w i t h  5 = .04 sec- l ,  Coo = Si0 - 
‘T= 180°C 

220 pprn Si02 and Co = Si02 ( t=O) = 80 pprn ( t h e  S i02  concent ra t ion  of the  
i n i t i a l  

I n i t i a l  EE-1 
of F ig .  11-3. 

s u l f a t e  and the  87’86Sr data  w i t h  t he  same success. 

of 5 i s  i n  each case 0.04. S ince i n  a l l  p r o b a b i l i t y  more than one minera l  

i s  d i s s o l v i n g  t o  c o n t r i b u t e  Si02, SO;, F- and S r  t o  the s o l u t i o n ,  i t  would 

i n j e c t e d  water, i s  shown as t he  do t t ed  l i n e  on t he  Si02 p l o t  

Rate equat ions o f  the  same form were a p p l i e d  t o  the  f l u o r i d e ,  

Remarkably,the va lue  
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be q u i t e  f o r t u t i o u s  t h a t  a l l  d i s s o l u t i o n  r a t e s  were equal.  

t h a t  mass t r a n s f e r  r a tes ,  s p e c i f i c a l l y  m i x i ng  r a t e s  between var ious  f l o w  

f r a c t i o n s ,  c o n t r o l  the  concen t ra t i on  h i s t o r y  o f  these p a r t i c u l a r  species 

i n  s o l u t i o n .  

placed f rom the  h o t  r e g i o n  a t  a r a t e  $, ,, 

Thus i t  appears 

The p o s s i b i l i t y  remains t h a t  sa tu ra ted  pore f l u i d  i s  mere ly  be ing  d i s -  

Fu r the r  i n v e s t i g a t i o n  i s  under- 

way t o  cons ider  the  d i f f e r e n c e  between a c t i v e  

displacement by examining the  t ime dependence 

i n c l u d i n g  Na / K  /Lit/Cst and C l - / B r - / I - *  

As seen i n  F ig .  11-3 c h l o r i d e  concent ra t  

+ +  

d i s s o l u t i o n  and pore f l u i d  

o f  r a t i o s  o f  va r ious  i ons  

ons a l s o  show a marked increase 

i n  t ime p o s s i b l y  i n d i c a t i n g  displacement and/or m i x i ng  w i t h  sa tu ra ted  pore 

f l u i d  because no s o l i d  m inera l  source o f  c h l o r i d e  should e x i s t  a t  t h e  

r e s e r v o i r  cond i t i ons .  

the e m p i r i c a l  model proposed t o  e x p l a i n  S i02 bu i l dup  i f  a cons tan t  concen- 

t r a t i o n  source o f  C1- i s  be ing  supp l ied  t o  t he  f l o w  pa th  through the  h o t  reg ion .  

I n  the  case o f  the  ca lc ium and b icarbonate  concent ra t ions  vs t ime, 

d i f f e r e n t  c o n d i t i o n s  p r e v a i l  (see F ig .  11-3). 

c o n t r i b u t o r  o f  CO; i n  s o l u t i o n  -- has a re t rog rade  s o l u b i l i t y  w i t h  tempera- 

t u r e  a t  a cons tan t  C02 p a r t i a l  pressure.  Therefore,  the lowes t  temperature 

o f  the  r e s e r v o i r  may c o n t r o l  the b ica rbonate  d i s s o l u t i o n ,  and t h i s  lowest  

temperature i s  encountered i n  the  main f l o w  pa th  as shown by temperatures 

measured a t  t he  EE- 1- to- f racture system c:onnection. I n  the  f i r s t  35 days 

o f  the  run  the  c a l c i t e  s o l u b i l i t y  appears t o  be c o n t r o l l e d  by  t h e  tempera- 

t u r e  o f  the mixed p roduc t ion  f l o w  i n  GT-2B. 

the  b ica rbonate  concen t ra t i on  approaches a s a t u r a t i o n  va lue corresponding t o  

the  c a l c u l a t e d  EE-1 i n j e c t i o n  temperature. A t  l e a s t  one s t r ong  p o s s i b i l i t y  

f o r  the  apparent s h i f t  i n  c o n t r o l  o f  the  c a l c i t e  s o l u b i l i t y  t o  t he  EE-1 

i n j e c t i o n  temperature i s  the major  change i n  downhole impedance and a 

doub l ing  o f  t he  EE-1 f l o w  r a t e  t h a t  was observed d u r i n g  t h i s  per iod .  

Calcium concent ra t ions  i n  e q u i l i b r i u m  w i t h  c a l c i t e  and (HCO;) were 

c a l c u l a t e d  from the  thermodynamic da ta  ( e q u i l i b r i u m  constants  f rom Gar re ls  
3 ++ and C h r i s t )  assuming u n i t  a c t i v i t y  c o e f f i c i e n t s .  Graphs o f  Ca i n  ppm 

corresponding t o  va lues of HCO; a t  the  GT-2 p roduc t i on  temperature a re  a l s o  

p l o t t e d  i n  F ig .  11-3. No t i ce  t h a t  the  c a l c u l a t e d  Cat+ based on observed 

I n  a d d i t i o n ,  the  r a t e  o f  inc rease  o f  C1- agrees w i t h  

C a l c i t e  (CaC03) -- the  p r i n c i p a l  

Dur ing the  l a s t  40 days, however, 
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tt 
HCO; approaches the  Ca 

Cacalc i s  much h ighe r  than the Caobs. Assuming t h a t  a l l  t he  HCO; o r i g i n a l l y  

came f rom c a l c i t e , t h e  observed Ca 

the  f i r s t  25 days o f  opera t ion .  

o f  a noncarbonate Ca r i c h  minera l  such as ph i1  1 i p s i  t e  ( K2Na2Ca) (A1 2Si4)0, 
4-5 H20. 

t h a t  e x i s t  between the  geometric, thermal,  and chemical p r o p e r t i e s  o f  t h e  

f r a c t u r e  system. 

t e s t i n g  t h e i r  cons is tency  r a t h e r  than adding unwarranted complex i t y  t o  i m-  

prove t h e i r  f i t  t o  the  data.  

observed a t  day 45. U n t i l  t h a t  t ime, however, t he  

i s  an o rder  o f  magnitude too  low du r i ng  
++ 

Th is  cou ld  be t he  r e s u l t  o f  p r e c i p i t a t i o n  
' 

(See r e f .  1 f o r  d e t a i l s . )  

The d iscuss ion  above serves t o  i l l u s t r a t e  the  complex r e l a t i o n s h i p s  

We have been mot iva ted  toward s e l e c t i n g  s imple models and 

PHASE I IMPEDANCE t 
- I  I 
w 
V 
2 
6 
0 w a r 5 . -  

D 20 30 40 50 60 70 
TIME (days) 

Figure  11-1. Net f l ow impedance between the GT-2B produc t ion  and EE- 1 
i n j e c t i o n  we1 1 bores w i t h  buoyancy c o r r e c t i o n s  included., 

4 0 NO- FLUORESCEIN - - 
!Z 15: TRACER STUDIES 
a l - c  z c  

0 H PHASE 1 - 1  (2/9/78) W 

v-v PHASE I- 3 (3/23/78) - PHASE 1- 4 14/7/78) 05 
0 z 

I O  2 0  3.0 4.0 5.0 x 
FRACTURE SYSTEM VOLUME (qal) 

Figure  11-2. Normalized t r a c e r  concen t ra t i on  as a f u n c t i o n  o f  f r a c t u r e  
sys tem vol ume. 
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