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A b s t r a c t  

Flow c h a r a c t e r i z a t i o n  and v o l u m e t r i c  s i z i n g  
techniques u s i n g  t r a c e r s  i n  f r a c t u r e d  h o t  d r y  r o c k  
r e s e r v o i r s  a r e  discussed. S t a t i s t i c a l  
methods f o r  a n a l y z i n g  t h e  res idence t i m e  
d i s t r i b u t i o n  (RTD) a r e  presented. Tracer  modal 
volumes and RTD shape a r e  c o r r e l a t e d  w i t h  
r e s e r v o i r  performance parameters such as a c t i v e  
heat  t r a n s f e r  area and d i s p e r s i o n  l e v e l s .  
Chemical ly r e a c t i v e  t r a c e r s  a r e  proposed f o r  
mapping advance r a t e s  o f  coo led  r e g i o n s  i n  HDR 
r e s e r v o i r s ,  p r o v i d i n g  e a r l y  warning o f  thermal  
drawdown. Impor tan t  r e a c t i o n  r a t e  parameters a r e  
i d e n t i f i e d  f o r  sc reen ing  p o t e n t i a l  t r a c e r s .  
C u r r e n t  l a b o r a t o r y  r e s e a r c h  and f i e l d  work  i s  
reviewed. 

Nomenc 1 a t  u r e  

A= e f f e c t i v e  heat  t r a n s f e r  area 
A,= pre-ex DO nent  i a1 f a c t o r  
C, C ( t ) =  t r a c e r  c o n c e n t r a t i o n  
C -  = ' f i u i d  heat  c a p a c i t y  
DP= d i s p e r s i o n  c o e f f i c i e n t  
E = a c t i v a t i o n  energy 
EPV)  or  E ( t )  = e x i t  RTD f o  
k = r e a c t i o n  r a t e  c o n s t a n t  
L = c h a r a c t e r i s t i c  reservo  
m, = mass o f  t r a c e r  p u l s e  

a p u l s e  

r l e n g t h  

Pe' = d i s p e r s i o n a l  P e c l e t  number = uL/D 
Q = v o l u m e t r i c  f l o w r a t e  
R = Un iversa l  gas c o n s t a n t  
t = t ime 
T = f l u i d  temperature 
u, = f l u i d  v e l o c i t y  
V,  < V >  = modal, mean r e s e r v o i r  volume 
x,y,z = r e s e r v o i r  p o s t i o n  c o o r d i n a t e s  
w1/2 = w i d t h  o f  t h e  RTD a t  1/2 h e i g h t  

p = f l u i d  d e n s i t y  
a =  thermal d i f f u s i v i t y  o f  r o c k  
h = thermal c o n d u c t i v i t y  o f  r o c k  
c2= s t a t i s t i c a l  v a r i a n c e  o f  t h e  RTD 

I n t r o d u c t i o n  and M o t i v a t i o n  

T h i s  paper rev iews t h e  research  and develo,pment 
work on t r a c e r s  t h a t  has occur red  i n  t h e  l a s t  11 
y e a r s  a t  Los Alamos and MIT. D e t a i l s  a r e  
conta ined i n  t h e  f o l l o w i n g  p u b l i c a t i o n s  by t h e  
a u t h o r  and h i s  c o - w o r k e r s  ( T e s t e r ,  B i v i n s  and 

P o t t e r  (1982). Robinson and Tes ter  (1984), 
Robinson (1985), Robinson, Tes ter ,  and Brown 
( 1 9 8 4 ) ,  Rob inson and T e s t e r  (1986 a ,b ,c ) ,  and 
Grigsby and Tes ter  (1986) ) .  

The pr imary  m o t i v a t i o n  f o r  o u r  work w i t h  t r a c e r s  
has been t o  p r o v i d e  an independent e s t i m a t e  o f  
r e s e r v o i r  l i f e t i m e  i n  m u l t i b o r e ,  h o t  d r y  r o c k  
(HDR) geothermal systems. Because these 
r e s e r v o i r s  have been a c t i v a t e d  by t h e  hydrau l  i c  
f r a c t u r i n g  o f  i n h e r e n t l y  l o w  p e r m e a b i l i t y  
c r y s t a l l i n e  rock,  t h e i r  geometry and f l o w  
c h a r a c t e r i s t i c s  d e v i a t e  markedly f rom t h e  more 
t r a d i t i o n a l  assumptions aopl  i e d  t o  d i s D e r s i o n  i n  
homogeneous porous media. I n  every case we have 
examined i n  t h e  f i e l d ,  t h e  observed f l o w  p a t t e r n s  
a r e  complex r e s u l t i n g  p r i m a r i l y  f rom superimposed 
e f f e c t s  o f  m u l t i - d i m e n s i o n a l  f l o w  i n  a d i s c r e t e  
s e t  o f  in te rconnected  f r a c t u r e s .  The major  
cha l lenge f a c i n g  us a t  t h i s  p o i n t  i s  t o  develop 
s u i t a b l e  models o f  these r e s e r v o i r s  i n  o r d e r  t o  
p e r m i t  e s t i m a t i o n  o f  performance b e f o r e  thermal  
drawdown i s  observed under a p r e s c r i b e d  s e t  o f  
i n j e c t i o n  c o n d i t i o n s  o f  f l o w  r a t e ,  temperature,  
and pressure. We recogn ized a t  t h e  o u t s e t  t h a t  
some non-uniqueness would r e s u l t  i n  t h e s e  models, 
r e f l e c t i n g  a common d i f f i c u l t y  encountered i n  
d e c o n v o l u t i o n  p r o b l e m s  o f  t h i s  t y p e  where  t h e  
geometry and f l o w  p a t t e r n s  w i t h i n  t h e  r e s e r v o i r  
a r e  incomple te ly  spec i  f ied.  

F o r t u n a t e l y ,  t r a c e r s  have become a r e 1  i a b l e  
d i a g n o s t i c  t o o l  as t h e y  p r o v i d e  a d i r e c t  measure 
o f  r e s e r v o i  r f l o w  c h a r a c t e r i s t i c s  t h a t  a r e  
impor tan t  i n  d e t e r m i n i n g  how e f f i c i e n t l y  energy i s  
b e i n g  e x t r a c t e d  f rom t h e  f r a c t u r e d  rock. I n e r t  
t r a c e r s  have b e e n - u s e d  i n  f i e l d  t e s t s  o f  H D R  
r e s e r v o i r s  a t  t h e  Fenton H i l l  s i t e  i n  New Mexico 
(Murphy  e t  a1 ( 1 9 8 1 ) )  and a t  t h e  Rosemanowes 
q u a r r y  i n  Cornwal l ,  U.K. ( B a t c h e l o r  (1986)) .  
Model- independent i n f o r m a t i o n ,  such as f r a c t u r e  
volumes and d i s p e r s i v e  c h a r a c t e r i s t i c s ,  o b t a i n e d  
f r o m  i n e r t  t r a c e r  measurements has p r o v i d e d  a 
means o f  q u a n t i f y i n g  t h e  behav io r  o f  these 
f r a c t u r e d  geothermal systems. Because, however, 
t h e  i n f o r m a t i o n  s u p p l i e d  by convent iona l  i n e r t  
t r a c e r s  i s  i n s u f f i c i e n t  t o  c o n s t r u c t  d e t a i l e d  
r e s e r v o i r  models w i t h  e x t e n s i v e  p r e d i c t i v e  
c a p a b i l i t i e s ,  we a r e  a l s o  deve lop ing  new 
techniques t h a t  use tempera ture-sens i t i ve ,  
c h e m i c a l l y  r e a c t i n g  compounds as t r a c e r s .  These 
r e a c t i v e  t r a c e r s  w i l l  measure d i r e c t l y  t h e  
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cooldown r a t e  o f  t h e  pr imary  f l o w  paths  i n  t h e  
geothermal r e s e r v o i r .  React ive t r a c e r s  should 
a l s o  be u s e f u l  i n  d iagnos ing  some convent iona l  
geothermal r e s e r v o i r s  where r e i n j e c t i o n  may 
a c c e l e r a t e  thermal drawdown. 

To d a t e  t h e o r e t i c a l  model ing and bench-scale 
screen ing  t e s t s  have been conducted t o  i d e n t i f y  
p o t e n t i a l  r e a c t i v e  t r a c e r s  f o r  f i e l d  use and t o  
e x p l o r e  t h e  s t r e n g t h s  and 1 i m i t a t i o n s  o f  t h e  
r e a c t i v e  t r a c e r  concept f o r  s i z i n g  HDR systems. 

S t  a t  i s t i c a 1 De f i n i t i o n s  

1. Residence Time D i s t r i b u t i o n ,  E ( t ) :  E ( t ) d t  i s  
t h e  f r a c t i o n  o f  t h e  i n j e c t e d  f l u i d  which leaves  
t h e  system between t and t + d t .  An e f f e c t i v e  
t r a c e r  f o l l o w s  t h e  same f l o w  paths  as t h e  
r e s e r v o i r  f l u i d  , and t h e  c o n c e n t r a t i o n - t i m e  
response measured a t  t h e  o u t l e t  t o  a pu lse  
i n j e c t e d  a t  t h e  i n l e t  i s :  

C ( t ) =  mp E ( t ) / Q  (1) 

where m i s  t h e  mass o f  t r a c e r  i n j e c t e d ,  and Q i s  
t h e  v o l e m e t r i c  f l o w  r a t e  o f  f l u i d .  The res idence 
t i m e  d i s t r i b u t i o n  (RTD) curve  can be a l s o  
expressed a s  E(V) ,  where E(V)dV i s  t h e  f r a c t i o n  o f  
t h e  produced f l u i d  which en tered  a t  t = 0 t h a t  
emerges be tween V and V + dV where  V i s  t h e  
cumula t ive  produced f l u i d  volume c o r r e c t e d  f o r  t h e  
f i n i t e  vo lume o f  t h e  w e l l b o r e s .  Thus, E ( V )  = 
E ( t ) / Q .  Wi th t h i s  convent ion  f r a c t u r e  volumes 
measured i n  t r a c e r  exper iments a t  d i f f e r e n t  f l o w  
r a t e s  can be compared. 

0 

2. Modal Volume, V :  t h e  volume coorresponding t o  
t h e  peak o f  t h e  RTD curve.  V most l i k e l y  
represents  t h e  volume o f  l o w  impedance f r a c t u r e  
connect ions which f o l l o w  a d i r e c t  r o u t e  f rom i n l e t  
t o  o u t l e t .  

3. I n t e g r a l  Mean Volume < V > :  

< V >  = JG(V)dV ( 2 )  

I n  f r a c t u r e d  media, <V> i s  t h e  v o i d  volume o f  a l l  
f r a c t u r e s  which accept  f l o w ,  r e g a r d l e s s  o f  t h e i r  
impedance. 

4. Variance, c2: t h e  v a r i a n c e  i s  a measure o f  
t h e  o v e r a l l  spread o f  t h e  d i s t r i b u t i o n .  It can be 
d e f i n e d  on a volume b a s i s  as:  

0 

u2 = j V m -  <V>)*E(V)dV ( 3 )  

The V and (V - <V>)2 terms i n  t h e  i n t e g r a l s  o f  
Eqns. ( 2 )  and ( 3 )  cause t h e  t a i l  o f  t h e  
d i s t r i b u t i o n  a t  l a r g e  volumes t o  have a 
s i g n i f j c a n t  e f f e c t  on t h e  magnitude o f  b o t h  <V> 
and Q . .Because t r a c e r  c o n c e n t r a t i o n s  a r e  very  
l o w  i n  t h e  t a i l  r e g i o n .  i n h e r e n t  i n a c c u r a c i e s  
a r i s e ,  f r e q u e n t l y  c a u s p g  s u b s t a n t i a l  u n c e r t a i n t y  
i n  e s t i m a t i n g  <V> and u . 

5. Widtn a t  H a l f  Height ,  w1/2: t h e  w i d t h  between 
t h e  two p o i n t s  o n  e i t h e r  s i d e  o f  t h e  peak f o r  
which t h e  t r a c e r  response i s  o n e - h a l f  i t s  peak 
va lue.  This  parameter, d e f i n e d  analogously i n  
chromatographic s e p a r a t i o n  theory ,  i s  a measure o f  
t h e  o u t l e t  d i s p e r s i o n  o f  t h e  main f r a c t u r e  f l o w  
paths. U n l i k e  t h e  var iance o f  t h e  d i s t r i b u t i o n  
a2, t h e  magnitude o f  w1/2 does n o t  depend on t h e  
t a i l  o f  t h e  RTD. 
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D i  s p e r s i o  n Mechanisms 

The spreading o f  t h e  o u t l e t  t r a c e r  c o n c e n t r a t i o n  
i n  a f r a c t u r e d  geothermal r e s e r v o i r  p o t e n t i a l l y  
r e s u l t s  from t h r e e  major  mechanisms: (1) 
l a r g e - s c a l e  f l o w  h e t e r o g e n e i t i e s  caused by t h e  
s u p e r p o s i t i o n  o f  f l o w s  f rom f r a c t u r e s  o f  d i f f e r e n t  
s i z e  and f l o w  impedance, ( 2 )  c r o s s f l o w  between 
d i f f e r e n t  f r a c t u r e s ,  and ( 3 )  d i s p e r s i o n  w i t h i n  a 
s i n g l e  f rac tu re .  

The e x t e n t  o f  d i s p e r s i o n  i n  s i n g l e - f r a c t u r e  f l o w  
can be a f f e c t e d  by roughness a long t h e  f r a c t u r e  
sur face ,  t r a c e r  holdup caused by f l u i d  permeat ion 
and molecu la r  d i f f u s i o n  o f  t r a c e r  i n t o  t h e  r o c k  
m a t r i x  sur round ing  t h e  f r a c t u r e ,  m o l e c u l a r  
d i f f u s i o n  w i t h i n  t h e  f r a c t u r e  across a v e l o c i t y  
g r a d i e n t  perpend icu la r  t o  t h e  mean d i r e c t i o n  o f  
f l o w  ( T a y l o r  d i s p e r s i o n ) ,  and two-dimensional 
i n v i c i d  p o t e n t i a l  and/or b u o y a n t l y - d r i v e n  
c o n v e c t i v e  f l o w  between t h e  i n l e t  and o u t l e t  zones 
o f  t h e  f rac tu re .  Horne and Rodriguez (1983)  and 
R o b i n s o n  and T e s t e r  ( 1 9 8 4 )  h a v e  e v a l u a t e d  t h e  
magnitude o f  v a r i o u s  s i n g l e - f r a c t u r e  d i s p e r s i o n  
mechanisms f o r  c o n d i t i o n s  1 i k e l y  i n  f r a c t u r e d  
geothermal r e s e r v o i r s .  Table 1 summarizes t h e  
r e s u l t s  o f  these s t u d i e s ,  u s i n g  t h e  a x i a l  
d i s p e r s i o n  P e c l e t  number (Pe = uL/D) as t h e  
parameter c h a r a c t e r i z i n g  t h e  l e v e l  o f  d i s p e r s i o n .  
A l a r g e  P e c l e t  number i n d i c a t e s  t h a t  t h e  mechanism 
produces very  l i t t l e  o f  t h e  observed o u t l e t  
d i s p e r s i o n .  The t a b l e  shows t h a t  t h e  amount o f  
d i s p e r s i o n  produced w i t h i n  a s i n g l e  f r a c t u r e  i s  
s m a l l e r  than t h e  o v e r a l l  l e v e l  o f  t r a c e r  
d i s p e r s i o n  measured i n  t h e  f i e l d .  

Th is  s t r o n g l y  suggests t h a t  superimposed f l o w  from 
and c r o s s f l o w  between m u l t i p l e  f r a c t u r e s  o f  
d i f f e r e n t  s i z e  and f l o w  c a p a c i t y  a r e  major  
c o n t r i b u t o r s  t o  t h e  l e v e l  o f  d i s p e r s i o n  observed 
i n  HDR r e s e r v o i r s .  

D i s p e r s i o n  Models f o r  Reservo i rs  

G i v e n  t h e  complex  n a t u r e  o f  f l o w  i n  a s e t  o f  
m u l t i p l e  f r a c t u r e s  o f  l a r g e l y  u n s p e c i f i e d  
geometry, many models have been used t o  d e s c r i b e  
t r a c e r  d i s p e r s i o n .  These can be d i v i d e d  i n t o  two 
m a j o r  ca tegor ies :  D e t e r m i n i s t i c  and s t o c h a s t i c  
models. On t h e  d e t e r m i n i s t i c  s ide ,  a s teady s t a t e  
f l o w  f i e l d  i s  u s u a l l y  s p e c i f i e d  w i t h  a o p r o o r i a t e  
geometr ic parameters, such as i n l e t  t o  o u t l e t  w e l l  
spacing, a p e r t u r e  s i z e .  f r a c t u r e  l a t e r a l  o r  r a d i a l  
e x t e n t ,  and f r a c t u r e  v o l  umes. 



Table 1. Magnitudes o f  D i f f e r e n t  S i n g l e - F r a c t u r e  
D ispers ion  Mechanisms i n  Frac tured  HDR Reservoirs.  

Sources: Horne and Rodriguez (1983) .  
Robinson and Tes ter  (1984). 

Mechanism 

Fr a c t u r e  Ro u g h ne s s 

M a t r i x  D i f f u s i o n  

T a y l o r  D ispers ion  

Po i n t So u r c  e- 
Po i n t  S i  n k 
P o t e n t i a l  and 
Buoyant ly - D r  i ven 
F1 ow 

Actual  Measured 
D ispers ion  i n  
Frac tured  Geothermal 
Reservo i rs  

D i  spers iona l  
Pec le t  Number Pe Comments 

> l o 3  s c a l e  o f  d i s p e r s i o n  ( f r a c t u r e  
a p e r t u r e )  i s  very  smal l  compared 
t o  o v e r a l l  l e n g t h  s c a l e  ( w e l l -  
bore  s e p a r a t i o n  d i s t a n c e )  

> l o 3  l a r g e  aper tu res  and r a p i d  f l o w  
v e l o c i t i e s  min imize  m a t r i x  d i f -  
f u s i o n  e f f e c t  

mo lecu la r  d i f f u s i o n  c o e f f i c i e n t  
v a r i e s  s t r o n g l y  w i t h  temperature,  
caus ing  wide range i n  Pe 

(0.15 - 30) x l o 3  

55-70 

0.5-5 

The most s i m p l i s t i c  o f  these d e t e r m i n i s t i c  
approaches couples t h e  two extremes o f  i n f i n i t e  
d i s p e r s i o n  i n  a s o - c a l l e d  cont inuous s t i r r e d  tank 
r e a c t o r  (CSTR) t o  a z e r o - d i s p e r s i o n  i n  a p l u g  f l o w  
r e a c t o r  (PFR) t o  p r o v i d e  a bes t  f i t  t o  t h e  data. 
Al though reasonable f i t s  t o  da ta  may r e s u l t  by 
t r e a t i n g  t h e  number o f  PFR's and CSTR's and t h e i r  
r e l a t i v e  arrangement as a d j u s t a b l e  parameters, t h e  
f i n a l  model may bear  l i t t l e  resemblance t o  t h e  
r e a l  r e s e r v o i r ,  t h u s  making p r e d i c t i o n  o f  
performance i m p r a c t i c a l .  

The remain ing d e t e r m i n i s t i c  models would e i t h e r  
deal  w i t h  t h e  f l o w  p a t t e r n  and r e s u l t i n g  
d i s p e r s i o n  as a r e s u l t  o f  ( 1 )  a d i s t r i b u t i o n  o f  
aper tu res  and t h e r e f o r e  f l o w  v e l o c i t i e s  i n  a 
network o f  f r a c t u r e s  t h a t  obeys Darcy 's  l a w  o r  ( 2 )  
mu l t id imens iona l  f l o w  w i t h  o r  w i t h o u t  m o l e c u l a r  
d i f f u s i o n  e f f e c t s  i n  a s i n g l e  f r a c t u r e  or i n  a 
d i s c r e t e  f r a c t u r e  s e t  t h a t  f o l l o w s  t h e  
convect i ve-d i  spers i o  n equat ion.  

Tes ter  e t  a1 (1982) and Batche lo r  e t  a1 (1985) 
have used a p e r t u r e  d i s t r i b u t i o n  models t o  account 
f o r  observed RTD's i n  HDR systems. Under Darcy 
f low c o n d i t i o n s  t h e  f l o w  r a t e  v a r i e s  w i t h  t h e  cube 
o f  t h e  a p e r t u r e  and can cause a wide.RTD even w i t h  
a modest d i s t r i b u t i o n  o f  aper tu res  i n  a p a r a l l e l  
s e t  o f  f r a c t u r e s  o f  equal leng th .  B a t c h e l o r  e t  a1 
(1985) have used an or thogona l  b l o c k  model o f  t h e  
f r a c t u r e  system (FRIP) t o  p r o v i d e  a c o n s i s t e n t  
RTD. A d i s t r i b u t i o n  o f  f l u i d  r e s i d e n c e  t i m e s  
r e s u l t s  from t h e  3-D n a t u r e  o f  f l o w  th rough t h e  

c a l c u l a t e d  assuming d i s p e r s i o n  i s  
caused s o l e l y  by f l o w  s t r e a m l i n e s  
o f  d i f f e r e n t  l e n g t h  and v e l o c i t y  

observed d i s p e r s i o n  i s  much 
g r e a t e r  than can be e x p l a i n e d  by 
f l o w  i n  a s i n g l e  f r a c t u r e  

j o i n t e d  rock  network between t h e  i n j e c t i o n  and 
p r o d u c t i o n  zones o f  t h e  r e s e r v o i r .  The v a r i a t i o n s  
i n  t h e  s t r e s s  f i e l d  sur round ing  t h e  p r e s s u r i z e d  
i n j e c t i o n  r e g i o n  a r e  used t o  determine i n d i v i d u a l  
j o i n t  aper tu res  which s p e c i f i e s  t h e  f low 
impedances and f l u i d  v e l o c i t i e s  w i t h i n  each j o i n t .  
I n  many cases, i t  i s  d i f f i c u l t  f o r  these a p e r t u r e  
models t o  s i  u l t a n e o u s l y  match b o t h  t h e  RTD ShaDe 
(w1/2  and u ) and t h e  f r a c t u r e  vo lumes ( < V > )  
observed. 

9 

Use o f  t h e  c o n v e c t i v e - d i s p e r s i o n  e s u a t i o n  has been 
widespread i n  chemical and petroleum eng ineer ing  
a s  a b a s i s  o f  f l o w  m o d e l i n g  ( R o b i n s o n  ( 1 9 8 5 ) ,  
Horne and R o d r i q u e z  ( 1 9 8 3 ) ,  and T e s t e r  e t  a1 
(1982)) .  The genera l  form o f  t h e  e q u a t i o n  i s  

a C  
v . ( p C )  N - y-vc = - a t  

where B i s  t h e  d i s p e r s i o n  c o e f t i c i e n t  t e n s o r ,  and 
JL t h e  ?low v e l o c i t y  vec tor .  Al though Eq ( 4 )  can 
be regarded as a r i g o r o u s  statement o f  mass 
c o h s e r v a t i o n  i t  c a n n o t  be  a p p l i e d  i n  P r a c t i c e  
u n l e s s  t h e  a t e n s o r  f e r m s  a r e  known. I n  m o s t  
p rac t ic 'a l  a p m i c a t i o n s ,  a 1-D o r  2-D steady f low 
f i e l d  i s  assumed and R i s  reduced t o  one o r  two 
terms t h a t  may be co'iistant or  dependent on t h e  
l o c a l  v e l o c i t y  i n  a s t r a i g h t f o r w a r d  manner. Thus 
w i t h  t h i s  h e u r i s t i c  s i m p l i f i c a t i o n ,  becomes an 
e f f e c t i v e  d i s p e r s i o n  c o e f f i c i e n t -  t h a t  i s  
e m p i r i c a l l y  f i t  t o  t h e  d a t a .  I t  i n c l u d e s  t h e  
combined e f f e c t s  o f  mo lecu la r  d i f f u s i o n  and l o c a l  
m i x i n g  and t u r b u l a n c e  on a macroscopic as w e l l  as 
mic roscop ic  or pore s i z e  l e v e l .  
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Given knowledge o f  i n d i v i d u a l  f r a c t u r e  zone f low 
f r a c t i o n s  and volumes, t h e  c o n v e c t i v e - d i s p e r s i o n  
approach can be fo rmula ted  t o  deal  w i t h  
superimposed f l o w s  ( T e s t e r  e t  a1 (1982) ) .  
However, anyL a p p l i c a t i o n  o f  t h i s  model f o r  
p r e d i c t i v e  purposes r e q u i r e s  t h a t  t h e  assumed 
r e s e r v o i r  geometry and f l o w  p a t t e r n s  a r e  be ing  
respresented r e a l  i s t i c a l l y .  For  example. t r e a t i n g  
t h e  e f f e c t i v e  d i s p e r s i o n  c o e f f i c i e n t  as an 
a d j u s t a b l e  parameter t o  match t h e  RTD does n o t  
guarantee t h a t  i t  w i l l  r e s u l t  i n  r e s e r v o i r  s i z e s  
( a p e r t u r e s  and l e n g t h s )  t h a t  w i l l  p r e d i c t  t h e  
proper  thermal drawdown h i s t o r y  o f  t h e  system. A 
c e r t a i n  amount o f  non-uniqueness i s  i n e v i t a b l e  i n  
model i ng such compl ex reservo i rs . 
Pure ly  s t o c h a s t i c  models would seem j u s t i f i e d  
because o f  t h e  geometr ic u n c e r t a i n t i e s  i n  these 
f r a c t u r e d  rese  r v o  i rs . De t e  r m  i n i s t i c s i m u 1 a t  i o n s 
o f  hydrodynamics, a1 though appeal i n g  because o f  
t h e i r  "mathematical exactness," can i n  p r a c t i c e  
become no more than e x e r c i s e s  i n  c u r v e - f i t t i n g  
when o n l y  l i m i t e d  i n f o r m a t i o n  i s  known about t h e  
r e s e r v o i r .  I n  a t y p i c a l  s t o c h a s t i c  a n a l y s i s ,  f l o w  
p a t t e r n s  a r e  s imu la ted  f o r  d i f f e r e n t  
r a  ndoml y-co ns t r u c  t e d  f r a c t u r e  networks . Monte 
Car lo  methods may be used t o  generate such 
s t r u c t u r e s  where such parameters as f r a c t u r e  
1 ength, o r i e n t a t i o n ,  and a p e r t u r e  w i  11 be 
s p e c i f i e d  w i t h i n  known or  assumed d i s t r i b u t i o n  
f u n c t i o n s  (Long, e t  a1 (1982)) .  

We a r e  c u r r e n t l y  work ing  on h y b r i d  models t h a t  
i n c o r p o r a t e  a d e t e r m i n i s t i c  approach f o r  t h e  main 
f r a c t u r e  zones w i t h  a s t o c h a s t i c  approach f o r  t h e  
secondary f l o w  paths. We b e l i e v e  t h i s  w i l l  
p r o v i d e  a r e a l i s t i c  model f o r  h e a t  e x t r a c t i o n  
performance p r e d i c t i o n  w h i l e  r e w i r i n g  o n l y  a 
smal l  number o f  a d j u s t a b l e  parameters. 

F i e l d  R e s u l t s  w i t h  I n e r t  Tracers 

The observed l e v e l s  o f  d i s p e r s i o n  i n  t h e  Fenton 
H i l l  and Rosemanowes systems s t u d i e d  t o  d a t e  a r e  
dominated by m u l t i - f r a c t u r e  f low.  T h i s  o n c l  u s i o n  
was cor robora ted  i n  some r a d i o a c t i v e  8'Br t r a c e r  
exper iments a t  Fenton H i l l  u s i n g  gamma l o g g i n g  i n  
t h e  p r o d u c t i o n  we l lbore .  As shown i n  F igure  1, 
d i s t i n c t  c o n c e n t r a t i o n - t i m e  curves were i d e n t i f i e d  
f o r  t h r e e  e x i t  r e g i o n s  i n  t h e  p r o d u c t i o n  w e l l b o r e  
( T e s t e r ,  e t  a1 ( 1 9 8 2 ) ) .  Thus a t  l e a s t  t h r e e  
d i f f e r e n t  f r a c t u r e s  were c o n t r i b u t i n g  t o  t h e  
o b s e r v e d  t o t a l  d i s p e r s i o n .  N o t  o n l y  were  t h e  
t h r e e  f r a c t u r e  zones i d e n t i f i e d ,  b u t  t h e  
d i s p e r s i o n  f rom each i n d i v i d u a l  f r a c t u r e  zone was 
t o o  g r e a t  t o  r e s u l t  f rom any combina t ion  o f  
s i n g l e - f r a c t u r e  d i s p e r s i o n  mechanisms (Robinson 
and Tes ter  (1984)) .  Cross f low among t h e  d i f f e r e n t  
f r a c t u r e s  was o c c u r r i n g ,  perhaps i n  a 
h i g h l y - f r a c t u r e d  r e g i o n  n e a r  t h e  i n l e t  t o  t h e  
r e s e r v o i r  as d e p i c t e d  i n  F igure  2. 

Recent t r a c e r  t e s t  r e s u l t s  f o r  t h e  Phase I 1  
r e s e r v o i r s  a t  F e n t o n  H i l l  and Rosemanowes a r e  
shown i n  F i g u r e  3 where t h e  c h a r a c t e r i s t i c  shape 
o f  t h e  RTD i s  s i m i l a r  f o r  b o t h  r e s e r v o i r s  (see 
a l s o  R o b i n s o n  ( 1 9 8 6 )  and B a t c h e l o r  ( 1 9 8 6 )  f o r  
a d d i t i o n a l  da ta  and a n a l y s i s ) .  Superimposed, 
mu1 t i - f r a c t u r e  f l o w  i s  p robab ly  t h e  dominant 
mechanism c o n t r i b u t i n g  t o  t h e  o v e r a l l  RTD b u t  i t  
cannot be proven from t h e  t r a c e r  t e s t s  a lone.  A 
d i r e c t  comparison t o  t h e  observed thermal  
performance o f  these p r o t o t y p e  HDR r e s e r v o i r s  i s  
necessary as discussed i n  t h e  n e x t  s e c t i o n .  

Tracer-Determined Flow and 
Thermal Performance 

I n  a n a l y z i n g  pas t  t r a c e r  exper iments i n  t h e  Fenton 
H i l l  and Rosemanowes systems, we have found an 
e m p i r i c a l  a w - o a c h  t o  be very  u s e f u l  i n  comparing 
t h e  n a t u r e  o f  f l o w  and h e a t  t r a n s f e r  i n  t h e s e  
r e s e r v o i r s .  

Large s c a l e  h e t e r o g e n e i t i e s  such as t h e  
s u p e r p o s i t i o n  o f  f l o w s  from m u l t i p l e  f r a c t u r e s  
undoubtedly e x e r t  g r e a t  i n f l u e n c e  on heat  t r a n s f e r  
behavior,  s i n c e  t h e  p o s i t i o n i n g  o f  l o w  impedance 
c o n d u i t s  e f f e c t i v e l y  d e f i n e s  t h e  a c c e s s i b l e  volume 
o f  rock.  I n  many systems, t h e  onset  and 
subsequent r a t e  o f  thermal  drawdown i s  p robab ly  
c o n t r o l l e d  by t h e  s u r f a c e  area o f  t h e  s m a l l e s t  l o t  
impedance connect ion.  Because t h e  modal volume V 
corresponds t o  t h e  l o w  impedance f r a c t u r e  
connect ions,  i t  shou ld  c o r r e l a t e  w i t h  t h e  
r e s e r v o i r ' s  heat  t r a n s f e r  c a p a c i t y  which can i n  
t u r n  be es t imated  from a s i m p l i f i e d  model: 
Assuming p lug  f l o w  up a s i n g l e  v e r t i c a l ,  
r e c t a n g u l a r  f r a c t u r e  o f  s u r f a c e  area A (on  one 
face  o f  t h e  f r a c t u r e ) ,  t h e  f l u i d  temperature 
w i t n i n  t h e  f r a c t u r e  d u r i n g  long- te rm o p e r a t i o n  i s  
g i v e n  by (Murphy e t  a1 (1981) ) :  

T - T .  X A ( z / L )  
( 5 )  

Tr-Ti = e r f  [ pcpQG] 
i n  which T, T., and T a r e  t h e  temperatures o f  t h e  
f l u i d  a t  p o i n t  z,  a t  f h e  i n l e t ,  and throughout t h e  
r o c k  i n i t i a l l y ,  r e s p e c t i v e l y .  The parameters A 
and a a r e  t h e  thermal  c o n d u c t i v i t y  and thermal  
d i f f u s i v i t y  o f  t h e  r o c k ,  P and C t h e  a v e r a g e  
d e n s i t y  and heat  c a p a c i t y  o f  t h e  f f u i d ,  and t i s  
t h e  t i m e  o f  o p e r a t i o n  o f  t h e  r e s e r v o i r .  The 
o u t l e t  f l u i d  temperature i s  o b t a i n e d  by s e t t i n g  
z /L  = 1. Al though s i m p l i s t i c ,  t h i s  model 
c o n v e n i e n t l y  descr ibes  t h e  thermal behav io r  o f  a 
f r a c t u r e d  r e s e r v o i r  w i t h  a s i n g l e  . a d j u s t a b l e  
parameter, A. Assuming F i g u r e  4 i s  c o r r e c t ,  a 
s i n g l e  i n e r t  t r a c e r  exper iment can p r o v i d e  a modal 
vo lume and t h u s  a c r u d e  e s t i m a t e  o f  t h e  h e a t  
e x t r a c t i o n  c a p a b i l i t y  o f  a f r a c t u r e d  r e s e r v o i r .  
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F i g u r e  2 Conceptual schematic o f  t h e  EE-1/GT-2 
f r a c t u r e  system (adapted f rom Tester  
e t  a1 (1982). Schematic o f  t h e  
f r a c t u r e - w e l l  bore  geometry. 

TIME AF;ER INJECTION (hd  

F i g u r e  1 I n d i v i d u a l  f r a c t u r e  zone c o n c e n t r a t i o n -  
t ime curves ob ta ined by B2Br p u l s e  
i n j e c t i o n  f o l l o w e d  by gamma l o g g i n g  i n  
t h e  p r o d u c t i o n  w e l l  bore.  (a)Exp. 217-A2, 
5/9/80. (b)Exp. 217-A4, 12/2/80. ( c )  Exp. 
217-A5, 12/12/80. 

The Rosemanowes Phase I1  p o i n t s  i n  F i g u r e  4 
a r e  e x t r a p o l a t e d ,  as e x t e n s i v e  energy e x t r a c t i o n  
has n o t  y e t  been c a r r i e d  o u t  i n  t h i s  r e s e r v o i r ,  so 
measurable drawdown has n o t  been observed. Only 
t h e  modal volume has been p l o t t e d .  For t h i s  new 
l a r g e r  r e s e r v o i r  and f o r  commercialJy-sized 
systems i n  general ,  use o f  t h e  modal .volume t o  
e s t i m a t e  A i s  as y e t  u n j u s t i f i e d  because o f  t h e  
l a r g e  e x t r a p o l a t i o n  r e q u i r e d  from s m a l l e r  s i z e d  
systems. A more l e g i t i m a t e  approach f o r  l a r g e  
systems w i t h  m u l t i p l e  en t rance and e x i t  r e g i o n s  
Perhaps would be t o  s i z e  i n d i v i d u a l  f r a c t u r e  zones 
u s i n g  p r e f e r e n t i a l  i n j e c t i o n  o f  a r a d i o a c t i v e  
t r a c e r  and p r o d u c t i o n  w e l l  gamma l o g g i n g  (Tes ter ,  
e t  a1 ( 1 9 8 2 ) ) .  These zones o r  subsys tems a r e  
l i k e l y  t o  be smal l  enough t o  war ran t  t h e  use o f  
F i g u r e  4 w i t h o u t  e x t r a p o l a t i o n .  

Another f a c t o r  r e g a r d i n g  F i g u r e  3 i s  t h e  f a c t  t h a t  
t h e  s lope o f  t h e  l i n e  th rough t h e  da ta  i s  about 
0.7 and s t a t i s t i c a l l y  d i f f e r e n t  than u n i t y .  Thus 
t h e  e f f e c t i v e  a p e r t u r e  o f  f r a c t u r e  compr is ing  t h e  
modal volume must change d i s p r o p o r t i o n a l  l y  w i t h  
changes i n  e f f e c t i v e  heat  t r a n s f e r  s u r f a c e  area, 
Th is  s imp le  a n a l y s i s  ignores  t h e  f l u i d  t h a t  does 
n o t  f l o w  t h r o u g h  t h e  l o w  impedance f r a c t u r e s .  
Based on model ing o f  q u a r t z  d i s s o l u t i o n  k i n e t i c s  
i n  t h e  main f r a c t u r e  f l o w  path,  i t  was recognized 
t h a t  a t  l e a s t  30% o f  t h e  p r o d u c t i o n  f l u i d  d u r i n g  
Run Segment 5 must have f lowed th rough l o n g  
res idence t i m e  f l o w  paths  which had exper ienced no 
thermal  drawdown (Grigsby and Tes ter  (1986)) .  
T h i s  o b s e r v a t i o n  i s  supported by t r a c e r  
exper iments (5 /9/80 t o  12/12/80) where rough ly  70% 
o f  t h e  t r a c e r  i s  recovered i n  t h e  main peak o f  t h e  
RTD and t h e  remainder i s  recovered i n  t h e  t a i l  o f  
t h e  d i s t r i b u t i o n .  T h i s  r e s u l t  appears t o  be q u i t e  
common i n  t h e  HDR r e s e r v o i r s  t e s t e d  t o  da te :  f l o w  
th rough severa l  l o w  impedance j o i n t s  accounts f o r  
t h e  e a r l y  t r a c e r  response, w h i l e  a s u b s t a n t i a l  
secondary f l o w  t r a v e l s  th rough a l a r g e  volume o f  
rock,  probably a t  t h e  p e r i p h e r y  o f  t h e  r e s e r v o i r .  
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A comparison o f  t h e  volumes o f  t h e  l o w  impedance 
pr imary  f l o w  paths and t h e  h i g h  impedance 
secondary paths can be made. The modal volume 
represents  t h e  l o w  impedance volume and t h e  
i n t e g r a l  mean volume [EQn.  ( Z ) ]  i s  t h e  t o t a l  
f r a c t u r e  vo l  ume (main f r a c t u r e s  p l u s  secondary 
f l o w  paths) .  As seen i n  Table 2. @e computed 
i n t e g r a l  mean volumes f o r  t h e  B r  t r a c e r  
exper iments o f  Run Segment 5 a r e  much l a r g e r  than 
t h e  corresponding modal volumes. The enormous 
p o t e n t i a l  c a p a c i t y  o f  t h i s  r e s e r v o i r  appears t o  
have gone l a r g e l y  unused due t o  t h e  tendency o f  
t h e  f l u i d  t o  s h o r t - c i r c u i t  th rough l o w  impedance 
j o i n t s .  T o t a l  r e s e r v o i r  s i z e  e s t i m a t e s  u s i n g  
mic rose ismic  mapping and geochemical i n f o r m a t i o n  
s u b s t a n t i a t e  t h i s  conclusion. 

I n  a d d i t i o n  t o  t h e  a b s o l u t e  s i z e s  o f  t h e  
low-impedance f r a c t u r e s  and t h e  t o t a l  r e s e r v o i r ,  
r e s e r v o i r  growth, d u r i n g  energy e x t r a c t i o n  may be 
mon i to red  u s i n g  V and <V> from a s e r i e s  o f  t r a c e r  
t e s t s .  F r a c t u r e  vo lume g r o w t h  may be caused 
e i t h e r  by thermal  c o n t r a c t i o n  and s t r e s s  c r a c k i n g  
o f  r o c k  d u r i n g  cooldown, o r  th rough opening new 
f r a c t u r e s  by water permeat ion i n t o  p r e - e x i s i t n g  
j o i n t s  i n  t h e  r o c k  m a t r i x  ( h y d r a u l i c  f r a c t u r i n g ) .  
For example, t h e  inc reases  i n  modal and i n t e g r a l  
mean volumes d u r i n g  t h e  Run Segment 5 a r e  p l o t t e d  
a g a i n s t  t o t a l  energy e x t r a c t e d  i n  F i g u r e  5. The 
maximum amount o f  new f r a c t u r e  volume p o s s i b l e  v i a  
thermal c o n t r a c t i o n  o f  r o c k  i s  denoted by t h e  f ree  
thermal  expansion l i n e .  The l a r g e  inc rease i n  
i n t e g r a l  mean volume suggests t h a t  a d d i t i o n a l  
f r a c t u r i n g  must have been o c c u r r i n g  a long Wi th  
thermal  c o n t r a c t i o n .  However, much o f  t h i s  new 
volume i s  a p p a r e n t l y  n o t  a v a i l a b l e  f o r  heat  
e x t r a c t i o n  as shown by t h e  modest  i n c r e a s e  i n  
modal vo l  ume. 

Reservo i r  A n a l y s i s  Using React ing  Tracers 

Thermal drawdown a n a l y s i s  o f  smal l ,  p r o t o t y p e  
r e s e r v o i r s  was p o s s i b l e  because a measurable 
temperature d e c l i n e  i n  t h e  produced f l u i d  occur red  
a f t e r  o n l y  a few months o f  o p e r a t i o n .  However, 
f o r  l a r g e r  systems, r e s e r v o i r  s i m u l a t o r s  w i l l  have 
t o  be used i n  a p r e d i c t i v e  way, s i n c e  y e a r s  c o u l d  
pass b e f o r e  produced f l u i d  temperature 
measurements y i e l d  u s e f u l  model ing i n f o r m a t i o n  
More i m p o r t a n t l y ,  commercial i z a t i o n  o f  HDk 
r e q u i r e s  t h a t  a method e x i s t s  f o r  p r e d i c t i n g  2 
p r i o r i  t h e  l i f e t i m e  o f  a r e s e r v o i r .  The normal 
b a t t e r y  o f  d i a g n o s t i c  exper iments (p ressure  
t r a n s i e n t ,  w e l l  l o g g i n g ,  i n e r t  t r a c e r ,  
m ic rose ismic ,  and f l u i d  geochemical) w i l l  n o t  
p r o v i d e  a1 1 t h e  i n f o r m a t i o n  necessary t o  c o n s t r u c t  
these d e t a i l e d  r e s e r v o i r  models w i t h  p r e d i c t i v e  
c a p a b i l i t y .  Chemical ly r e a c t i v e  t r a c e r s ,  which 
a r e  s e n s i t i v e  t o  i n t e r n a l  changes t o  t h e  
r e s e r v o i r ' s  temperature f i e l d ,  may h e l p  s o l v e  t h i s  
problem i n  f u t u r e  HDR systems. 

The k i n e t i c s  o f  most chemical r e a c t i o n s  a r e  
ex t remely  tempera ture-sens i t i ve .  For f i r s t - o r d e r  
r e a c t i o n s  c a r r i e d  o u t  i n  ba tch  r e a c t o r s ,  t h e  
f o l l o w i n g  equat ion  i s  o f t e n  used t o  express t h e  
instantaneous r a t e  o f  convers ion  o f  r e a c t a n t  a t  
c o n c e n t r a t i o n  C t o  p roduc t :  

The r a t e  cons tan t  k i s  t h e  parameter which 
c o n t a i n s  t h e  temperature s e n s i t i v i t y .  I t  normal ly  
can be descr ibed by an equat ion  o f  Ar rhen ius  form: 

k = Arexp(-Ea/RT) ( 7 )  

For t y p i c a l  r e a c t i o n s  i n  s o l u t i o n ,  k w i l l  va ry  by 
s e v e r a l  o r d e r s  o f  m a g n i t u d e  f o r  t h e  r a n g e  o f  
temperatures t y p i c a l l y  encountered i n  an o p e r a t i n g  
HDR r e s e r v o i r .  

Suppose a t r a c e r  i s  i n j e c t e d  i n t o  an i n i t i a l l y  h o t  
r e s e r v o i r ,  and t h e  r e a c t i o n  proceeds about h a l f  
way t o  comple t ion  d u r i n g  i t s  s tay  i n  t h e  system. 
Then, a f t e r  some cooldown has been achieved, a 
second experiment should show l e s s  convers ion  
because o f  t h e  s h o r t e r  t i m e  t h e  f l u i d  spends i n  
h o t  zone o f  rock.  A s e r i e s  o f  r e a c t i v e  t r a c e r  
e x p e r i m e n t s  w i l l ,  i n  t h e o r y ,  map t h e  r a t e  o f  
p rogress  o f  t h e  coo led  r e g i o n  as i t  approaches t h e  
e x i t  w e l l ,  g i v i n g  an  e a r l y  w a r n i n g  o f  t h e r m a l  
d r a  wdo wn . 
I n  p r a c t i c e ,  t h e  t r a n s i e n t  response o f  a r e a c t i n g  
t r a c e r  depends on  b o t h  t h e  temperature f i e l d  and 
t h e  d i s p e r s i v e  n a t u r e  o f  t h e  f l u i d  f l o w  w i t h i n  t h e  
r e s e r v o i r .  To i l l u s t r a t e  t h i s  coupled dependence 
c o n c e p t u a l l y ,  we assumed t h a t  t h e  t r a c e r  behav io r  
c o u l d  be modeled u s i n g  t h e  one-dimensional form o f  
t h e  c o n v e c t i v e - d i s p e r s i o n  equat ion  w i t h  a 
f i r s t - o r d e r  chemical r e a c t i o n  i n c l u d e d :  

( 8 )  
a %  D ( 5 )  - .(E)- k C  = - a t  

Equat ion  ( 8 )  i s  d i r e c t l y  coupled t o  t h e  r a t e  o f  
heat  e x t r a c t i o n  because k i s  a s t r o n g  f u n c t i o n  O f  
temperature (Eqn. ( 7 ) ) .  Thus, i n  o r d e r  t o  s o l v e  
Eqn. ( 8 )  f o r  C(t,z) we must know t h e  a x i a l  
( z - d i  r e c t  i o n )  temperature f i e l  d. The 
s i n g l e - f r a c t u r e  temperature s o l u t i o n  [Eqn. (5)] 
was used i n  p r e l i m i n a r y  c a l c u l a t i o n s .  Th is  
simp1 i f i e d  temperature f i e l d  assumption i s  perhaps 
ques t ionab le  g i v e n  t h e  evidence f o r  superimposed 
m u l t i f r a c t u r e  f low.  Each f r a c t u r e  i s  l i k e l y  t o  
have unique temperature c h a r a c t e r i s t i c s ,  e.?. t h e  
smal l  ones (cor respond ing  t o  s h o r t  res idence 
t i m e s )  c o o l i n g  down more r a p i d l y  than t h e  l a r g e  
ones. Nonetheless, t h e  model as fo rmula ted  should 
be s u f f i c i e n t  f o r  parameter s e n s i t i v i t y  s tud ies .  
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Table 2. 

Fenton H i l l  Experiments 

D a t e ( t r a c e r )  3 (m3) < V >  (m3) w1/2 (m3) 

Summary of Tracer  F i e l d  E x p e r i r r m t s  

- 
Phase I (GT2B-EE-1) 
2/9/78(Na F 11.4 - 
3 /1/78 ( Na F 1 17.0 - 
3/23/78(NaF) 22.7 - 
4/7/78 ( Na F) 26.5 - 
5/9/80 (Br  161 1311 
9/3/80( B r )  178 1845 
12/2/80(Br)  187 - 
12/12/80( B r )  266 2173 

Phase I 1  (EE-2 - EE-3) 
'7/85(NaF/ Na B r ) 300 - 

Ros ema nowes Tracer Ex p e r  iment s 

Phase I 
-82)(NaF) 1.42 
RH12(1983)(NaF) 12.3 

Phase 11 (RHI1-RH12) 
- m ( N a F )  2390 

- 
- 

- 

Phase IIB(RH12-RH15) 
m ( N a F )  136 
#5 (10/85) (Na F) 122 
#6(11/85)(NaF) 123 
#7(12/85)(NaF) 119 

964 
1058 
982 
913 . .  . 

( E A ) .  119 - 
(EtOH) 119 - 
(ISO-PA) 119 - 

NaF - gpdium f l u o r e s c e i n  
B r  - B r -  i s o t o p e  
E t O H  - e thano l  
NaBr - sodium bromide 
E A  - e t h y l  a c e t a t e  
I S O - P A  - i s o p e n t y l  a c e t a t e  

18.1 
40.3 
62.5 
70.8 

227 
323 
303 
479 

279 

1.68 
7.0 

4870 

545 
509 
509 
473 
2 98 
474 
710 

1.59 
2.37 
2.75 
2.67 
1.41 
1.81 
1.62 
1.80 

0.93 

1.18 
0.57 

2.04 

4.01 
4.17 
4.14 
3.98 
2.43 
3.98 
5.97 

The i n t e r n a l  temperature f i e l d  f o r  a p a r t i c u l a r  2 )  Tracer d i s p e r s i o n  a f f e c t s  t h e  shape o f  t h e  
model r e s e r v o i r  a t  v a r i o u s  t i m e s  i s  shown i n  response curves, b u t  n o t  t h e  s e n s i t i v i t y  o f  t h e  
F i g u r e  6. TO a c h i e v e  10°C o f  p r o d u c e d  f l u i d  measurement.   ow ever, if dynamic s h i f t s  i n  
thermal  drawdown f a  p r a c t i c a l  minimum f o r  r e s e r v o i r  s i z e  Occur d u r i n g  produc t ion ,  i n e r t  
e s t i m a t i n g  r e s e r v o i r  s i z e ) .  Over f i v e  Years o f  t r a c e r s  should a l s o  be used i n  c o n j u n c t i o n  w i t h  
cont inuous  o p e r a t i o n  a r e  requ i red .  r e a c t i v e  t r a c e r s .  

The r e a c t i v e  t r a c e r  response t o  a s t e p  change i n  
i n l e t  c o n c e n t r a t i o n  f o r  t h e  same model system i s  
shown i n  F igure  7. Just  1 t o  2 y e a r s  o f  o p e r a t i o n  
a r e  r e q u i r e d  t o  o b t a i n  a s e n s i t i v e  e s t i m a t e  o f  
heat  exchange c a p a c i t y .  

Parameter s t u d i e s  u s i n g  t h e  1-D convec t ive-  
d i s p e r s i o n  model a l s o  suppor t  t h e  f o l l o w i n g  
t r e n d s  : 

1) For thermal behav io r  such as t h a t  i n  F i g u r e  6, 
r e a c t i o n s  w i t h  h i g h e r  a c t i v a t i o n  energ ies  a r e  more 
s e n s i t i v e  t o  smal l  l e v e l s  o f  thermal drawdown. 

3 )  The r e a c t i v e  t r a c e r  response i s  s e n s i t i v e  t o  
t h e  e x t e n t  o f  thermal  drawdown, b u t  n o t  t o  t h e  
s p e c i f i c  shape o f  t h e  temperature f i e l d .  
React ions which a r e  moderately f a s t  a t  t h e  h i g h e s t  
r e s e r v o i r  temperature a r e  extremely s low a t  
temperatures 100°C below t h i s .  Thus, t h e  exac t  
shape o f  t h e  t e m p e r a t u r e  f i e l d  i n  t h e  c o o l e d  
r e g i o n  o f  t h e  r e s e r v o i r  i s  u n i m p o r t a n t .  The 
convers ion  o f  a r e a c t i n g  t r a c e r  i s  e s s e n t i a l l y  a 
measure o f  t h e  amount o f  h o t  r o c k  remaining 
between t h e  two w e l l  bores. 
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React ive Tracer Screening Stud ies  

A s i g n i f i c a n t  p o r t i o n  o f  o u r  research  e f f o r t s  have 
been and a r e  c u r r e n t l y  d i r e c t e d  toward i d e n t i f y i n g  
a p p r o p r i a t e  r e a c t i v e  t r a c e r s  f o r  use i n  HDR 
systems hav ing  a range o f  mean res idence t imes and 
r o c k  temperatures. The d e s i r e d  k i n e t i c  parameters 
(Ar and Ea) shou ld  be such t h a t  t h e  r e a c t i o n  t ime 
( l / k  f o r  a 1 s t  o r d e r  r e a c t i o n )  a t  t h e  a v e r a g e  
r e s e r v o i r  temperature i s  approx imate ly  o f  t h e  same 
o r d e r  as t h e  mean res idence t ime. I n  a d d i t i o n ,  
each r e a c t i v e  t r a c e r  must have t h e  same 
c h a r a c t e r i s t i c s  r e q u i r e d  o f  an i n e r t  t r a c e r  i n  
t h a t  i t  must be non-adsorbing and e a s i l y  
d e t e c t a b l e  i n  low c o n c e n t r a t i o n s .  

I n  our  e a r l y  work, t h e  k i n e t i c s  o f  a l k a l i n e  
h y d r o l y s i s  o f  a number o f  o r g a n i c  e s t e r s  and 
amides were determined i n  aqueous s o l u t i o n s  f o r  
temperatures v a r y i n g  from 100 t o  300 " C  (Robinson 
(1984) and Robinson, Tes ter ,  and Brown (1984)). 
For  t h i s  system a p s e u d o - f i r s t  o r d e r  r e a c t i o n  waz 
c r e a t e d  by conduct ing  t h e  h y d r o l y s i s  i n  excess OH 
or  i n  a b u f f e r e d  s o l u t i o n .  The r e s u l t s  o f  these 
e a r l y  s t u d i e s  a r e  summarized i n  Fig. 8. E thy l  
a c e t a t e ,  e t h y l  p r o p i o n a t e  and i s o p e n t y l  a c e t a t e  
would be s u i t a b l e  f o r  HDR systems a t  70  t o  125°C 
hav ing  r e a c t i o n  t imes r a n g i n g  from 10 t o  200 h r .  

The f i r s t  t e s t  o f  r e a c t i v e  t r a c e r s  i n  t h e  f i e l d  
was conducted i n  December o f  1985 i n  t h e  r e d r i l l e d  
Phase I 1  r e s e r v o i r  a t  Rosemanowes i n  t h e  U.K. 
opera ted  under cont inuous  c i r c u l a t i o n  c o n d i t i o n s  
(Batche lo r  (1986)). Na- f l  uoresce in  as an i n e r t  
t r a c e r  was i n j e c t e d  s imu l taneous ly  w i t h  
concent ra ted  s o l u t i o n s  o f  e t h y l  a c e t a t e  and 
i s o p e n t y l  acetate.  F i g u r e  9 shows t h e  p r e l i m i n a r y  
response curves f o r  a l l  t h r e e  t r a c e r s .  The shape 
o f  a l l  t h r e e  curves i s  very  s i m i l a r  i n d i c a t i n g  
t h a t  e t h y l  a c e t a t e  (EA) and i s o p e n t y l  a c e t a t e  a r e  
n o t  s e l e c t i v e l y  adsorbed on t h e  to rmat ion .  The 
RTD f o r  e thano l  (EtOH) which i s  a r e a c t i o n  produc t  
o f  t h e  h y d r o l y s i s  o f  e t h y l  a c e t a t e  was determined 
as w e l l .  By proper  w e i g h t i n g  o f  t h e  E A  and EtOH 
RTO's w i t h  t h e i r  mo lecu la r  weights (MW), we can 
sum t h e  curves t o  e s t i m a t e  t h e  RTD o f  EA had i t  
n o t  reacted:  

"'EA M W E t O H  E A  
where t h e  [ ]  brackets  r e f e r  t o  concent ra t ions .  

Us ing  Eqn. ( 9 )  t o  c a l c u l a t e  t h e  peak non- reac t ive  
E A  concent ra t ion ,  a v a l u e  o f  20  ppm r e s u l t s .  Th is  
i s  c o n s i s t e n t  w i t h  t h e  es t imated  Peak 
c o n c e n t r a t i o n  o f  20.2 ppn f o r  n o n - r e a c t i v e  EA for, 
a 27 kg i n j e c t i o n  sca led  t o  t h e  observed 1.8 P P ~  
peak f o r  Na-Fluorescein which r e s u l t e d  f rom a 2 kg 
i n j e c t i o n  o f  dye. A t  cons tan t  pH, EA h y d r o l y s i s  

w i l l  f o l l o w  a pseudoIf irst o r d e r  mechanism w i t h  k 
= (Arexp(-Ea/RT))[OH 3 .  I f  we assume t h a t  t h e  
average &IH seen by t h e  t r a c e r  was 8.5 w i t h  Ar = 
3 . 0 5 ~ 1 0  l i t e r / m o l s  and E = 40.9 kJ /mol .  an  
average r e s e r v o i r  tempera tura  o f  94°C i s  es t imated  
f rom t h e  r a t i o  o f  t h e  measured peak f o r  EA o f  10 
ppm a t  13.4 h r  a f t e r  i n j e c t i o n  t o  t h e  c a l c u l a t e d  
non- reac t ive  EA Peak o f  20.2 ppm. T h i s  es t imated  
temperature i s  w i t h i n  5°C o f  a c t u a l  measured r o c k  
temperature and i s  a s t r o n g  i n d i c a t o r  t h a t  t h e  E A  
t r a c e r  i s  working as expected. E t h y l  p i v a l a t e  and 
acetamide would work w e l l  f o r  r e s e r v o i r s  between 
150 t o  200°C o v e r  t h e  same res idence t i m e  range. 
We a r e  p r e s e n t l y  i n v o l v e d  w i t h  i d e n t i f y i n g  
r e a c t i v e  t r a c e r s  f o r  use i n  h o t t e r  r e s e r v o i r s  a t  
200 t o  300°C. A number o f  thermal  decomposi t ions 
i n v o l v i n g  f l u o r i n a t e d ,  l o w  m o l e c u l a r  weight 
hydrocarbons, peroxides, and o r g a n i c  dyes and t h e  
h y d r o l y s i s  o f  bromobenzene and i t s  s u b s t i t u t e d  
de , r i va t i ves  a r e  c u r r e n t l y  under l a b o r a t o r y  s tudy  
w i t h  f i e l d  t e s t s  planned f o r  t h e  near  f u t u r e .  

Conclusions 

1. Levels  o f  t r a c e r  d i s p e r s i o n  f rom f i e l d  
experiments' i n  HOR r e s e r v o i r s  i n d i c a t e  a dominant 
mechanism caused by t h e  s u p e r p o s i t i o n  o f  f l o w  from 
m u l t i p l e  f r a c t u r e s  o f  d i f f e r e n t  s i z e  and 
impedance. A t  Fenton H i l l ,  about 70% o f  f l o w  i s  
th rough a number o f  l o w  impedance f r a c t u r e s  w i t h  
t h e  r e m a i n i n g  30% c o n t a i n e d  i n  h i g h  impedance 
s e c o n d a r y  f l o w  p a t h s  o f  l a r g e  vo lume and l o n g  
res idence t ime.  

2. Reservo i r  heat  t r a n s f e r  c a p a c i t y  measured by 
e f f e c t i v e  heat  t r a n s f e r  sourface area A c o r r e l a t e s  
w i t h  t r a c e r  modal volume V. 

3. P r e l i m i n a r y  model ing and f i e l d  t e s t  r e s u l t s  
suggest t h a t  t h e  i n j e c t i o n  o f  c h e m i c a l l y  r e a c t i v e  
t r a c e r s  should be a s e n s i t i v e  r e s e r v o i r  t e s t  f o r  
measuring thermal drawdown f a r  i n  advance o f  
a c t u a l  produced f l u i d  temperature d e c l i n e .  

4. Labora tory  k i n e t i c  s t u d i e s  have i d e n t i f i e d  
s e v e r a l  c h e m i c a l l y  r e a c t i v e  t r a c e r s  for  use i n  
geothermal r e s e r v o i r s  hav ing  temperatures rang ing  
f rom 80 t o  200°C. 
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