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The t h e o r y  b e h i n d  how 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  a r e  used t o  c h a r a c t e r i z e  t h e  v e l o -  
c i t y  and t e m p e r a t u r e  d i s t r i b u t i o n  i n  s teady  
f l o w i n g  systems i s  rev iewed.  
k i n e t i c  p a r a m e t e r s  a r e  e s t a b l i s h e d  as  a 
f u n c t i o n  o f  r e s e r v o i r  tempera tures  and 
f l u i d  r e s i d e n c e  t i m e s  f o r  s e l e c t i n g  approp- 
r i a t e  r e a c t i n g  systems. R e a c t i v e  t r a c e r  
techn iques  a r e  a p p l i e d  t o  c h a r a c t e r i z e  t h e  
t e m p e r a t u r e  d i s t r i b u t i o n  i n  a l a m i n a r - f l o w  
heat  exchanger. Models a r e  developed t o  
p r e d i c t  r e a c t i v e  t r a c e r  b e h a v i o r  i n  f r a c -  
t u r e d  geothermal  r e s e r v o i r s  o f  f i x e d  and 
i n c r e a s i n g  s i z e .  

Ranges o f  

INTRODUCTION AND SCOPE 

I n l e t - o u t l e t  t r a c e r  measurements a r e  an 
accepted e x p e r i m e n t a l  method f o r  d e t e r -  
m i n i n g  i n t e r n a l  c h a r a c t e r i s t i c s  o f  con-  
t i n o u s  f l o w  s y t e m s .  T y p i c a l l y .  a known 
amount  o f  m a t e r i a l  i s  i n j e c t e d  i n t o  t h e  
i n l e t  w i t h  c o n c e n t r a t i o n s  m o n i t o r e d  a t  t h e  
o u t l e t .  Chemical r e a c t o r s ,  process e q u i p -  
ment, b i o l o g i c  systems, and underground 
r e s e r v o i r s  a r e  examples o f  f l o w  sytems i n  
wh ich  t r a c e r s  have been u t i l i z e d  success-  
f u l l y .  

U n f o r t u n a t e l y ,  i n  most f l o w  systems o f  
p r a c t i c a l  i n t e r e s t ,  i n l e t - o u t l e t  t r a c e r  
techn iques  cannot  u n i q u e l y  d e t e r m i n e  t h e  
d e t a i l s  o f  i n t e r n a l  c o n v e c t i v e  f l o w  a n d  
f l u i d  m i x i n g .  T h i s  non-uniqueness prob lem 
becomes even more severe  when o t h e r  c h a r -  
a c t e r i s t i c s  o f  t h e  system must be d e t e r -  
mined, such as i n t e r n a l  tempera tures .  o r  
l o c a l  p o r o s i t i e s  and p e r m e a b i l i t i e s .  F r e -  
q u e n t l y ,  a d e t e r m i n i s t i c  f l o w  model w i t h  
a d j u s t a b l e  parameters  i s  used t o  f i t  exper -  
i m e n t a l  t r a c e r  da ta .  Thus, some non- 
un iqueness r e s u l t s  i n  t h e  absence o f  
complete hydrodynamic and geomet r ic  i n f o r -  
mat ion .  

The p r i m a r y  focus  o f  t h e  p r e s e n t  s t u d y  i s  
t o  deve lop  new r e a c t i v e  t r a c e r  t e c h n i q u e s  
and methods o f  d a t a  a n a l y s i s  wh ich  p r o v i d e  
model -i ndependent i n f o r m a t i o n  about  t h e  
i n t e r n a l  f l o w  and t e m p e r a t u r e  f i e l d s  o f  
non iso thermal ,  c o n t i n u o u s  f l o w  systems. A 

t r a n s i e n t  response exper iment  i n  wh ich  t h e  
t r a c e r  d i s p e r s e s  and p a r t i a l l y  r e a c t s  
c o n t a i n s  i n f o r m a t i o n  about  b o t h  t h e  
i n t e r n a l  f l o w  and t e m p e r a t u r e  f i e l d s  o f  a 
f l o w  system. Residence t i m e  d i s t r i b u t i o n  
(RTD) t h e o r y  ( D a n c k w e r t s ,  1 9 5 3 )  and i t s  
e x t e n s i o n s  (Nauman and Buffham, 1983) a r e  
employed i n  t h e  a n a l y s i s  o f  t h i s  c h e m i c a l l y  
r e a c t i v e  t r a c e r  techn ique.  I n  t h i s  paper, 
we o u t l i n e  t h e  mathemat ica l  development 
necessary t o  r i g o r o u s l y  d e s c r i b e  t h e  
b e h a v i o r  o f  a r e a c t i n g  t r a c e r  i n  a 
non iso thermal  f l o w  system. Simp1 i f i c a t i o n s  
t o  y i e l d  p r a c t i c a l  m o d e l s  a r e  d i s c u s s e d  
n e x t ,  f o l l o w e d  b y  a r e v i e w  o f  t h e  
q u a n t i t a t i v e  c r i t e r i a  used i n  s e l e c t i n g  
t r a c e r s  f o r  geothermal  r e s e r v o i r  d i a g -  
n o s t i c s .  R e s u l t s  o f  exper iments  i n  a 
l a m i n a r  f l o w  h e a t  exchanger a r e  p r e s e n t e d  
t o  v e r i f y  t h e  v a l i d i t y  o f  t h e  r e a c t i v e  
t r a c e r  techn ique,  and t o  i d e n t i f y  p r a c t i c a l  
u n c e r t a i n t i e s  and l i m i t a t i o n s  o f  t h e  t h e o -  
r e t i c a l  concepts.  F i n a l l y ,  a p p l i c a t i o n s  t o  
geothermal r e s e r v o i r  a n a l y s i s  a r e  i n t r o -  
duced t h r o u g h  t h e  use o f  s i m p l i f i e d  models 
o f  f r a c t u r e d  systems undergo ing  heat  e x t r -  
a c t i o n .  

As t h i s  paper o n l y  overv iews o u r  c u r r e n t  
work on 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 ,  
i n t e r e s t e d  readers  s h o u l d  c o n s u l t  Robinson 
and -Tes ter  (1986) and Robinson, Tes ter ,  and 
Brown (1987) f o r  comple te  d e t a i  1 ed coverage 
o f  t h e  s u b j e c t .  

THEORETICAL DEVELOPMENT 

When a n o n - r e a c t i n g  t r a c e r  o f  mass m i s  

i n j e c t e d  as  a p u l s e  i n t o  an i s o t h e r m a l  
s teady  f l o w  system, t h e  c o n c e n t r a t i o n - L i m e  
response C ( t )  i s  measured i n  t h e  o u t l e t ,  
and t h e  r e s i d e n c e  t i m e  d i s t r i b u t i o n  (RTO) 
f ( t )  i s  o b t a i n e d :  

P 

f ( t )  = QC(t)/mp ( 1 )  

F o r  s teady  s t a t e ,  i n c o m p r e s s i b l e  f l u i d  
f l o w ,  f ( t ) d t  = t h e  f r a c t i o n  o f  f l u i d  i n  t h e  
e x i t  s t ream w i t h  r e s i d e n c e  t i m e s  between t 
and t + d t .  I f  another  t r a c e r  t h a t  under-  
goes an i r r e v e r s i b l e ,  f i r s t - o r d e r  r e a c t i o n  

* c u r r e n t l y  w i t h  t h e  Los Alamc, A l t i o n a l  L a b o r a t o r y ,  Los Alamos, NM 87545 
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i s  i n t r o d u c e d  i n t o  t h e  same i s o t h e r m a l  
system, t h e  d imens ion less ,  s teady  s t a t e ,  

o u t l e t  c o n v e r s i o n  Co/Cin i s  g i v e n  e x a c t l y  

by  : 

C o / C i n  =[ f ( t ) e x p ( - k t ) d t  ( 2 )  

Equat ion  ( 2 )  demonstrates t h a t  when an 
e s t i m a t e  o f  chemical  r e a c t o r  c o n v e r s i o n  o r  
per formance i s  d e s i r e d  f o r  a f i r s t  o r d e r  
r e a c t i o n ,  t h e  RTD i s  q u i t e  u s e f u l  e v e n  
w i t h o u t  a d e t a i l e d  d e s c r i p t i o n  o f  t h e  f l o w  
f i e l d  o n c e  f ( t )  i s  known. However ,  f o r  
r e s e r v o i r  e n g i n e e r i n g  s t u d i e s  u t i l i z i n g  
t r a c e r s ,  t h e  i n t e r n a l  f l o w  and t e m p e r a t u r e  
p a t t e r n s  o r  o t h e r  c h a r a c t e r i s t i c s  a r e  o f t e n  
needed, and t h u s  f l o w  mode l ing  i s  employed. 
F o r  f r a c t u r e d  r e s e r v o i r s  ,wi th r e l a t i v e l y  
smal l  d e v i a t i o n s  f r o m  p l u g  f l o w  caused by  
t u r b u l e n t  o r  mechanica l  m i x i n g ,  a t w o - o r  
one-d imensional  a x i a l  d i s p e r s i o n  model can 
be 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 .  I n  
t h i s  case t h e  mathemat ica l  e x p r e s s i o n  des- 
c r i  b i  n g  d i s p e r s i v e  m i  x i  n g  o f  a r e a c t i v e  
t r a c e r  i n  a c o n v e c t i v e  f l o w  f i e l d  i s :  

v.(DVC) - g.VC - kC = dC/d t  ( 3 )  - 
where D i s  t h e  d i s p e r s i o n  c o e f f i c i e n t  t e n -  
s o r  an2 I! t h e  f l o w  v e l o c i t y  v e c t o r .  The 
t e r m  -kC has been i n t r o d u c e d  t o  accoc-nt f o r  
t h e  d i s a p p e a r a n c e  o f  t r a c e r  b y  way o f  a 
f i r s t  o r d e r  chemical  r e a c t i o n  whose i n s t a n -  
taneous r a t e  i s  1 i n e a r l y  p r o p o r t i o n a l  t o  
t h e  l o c a l  c o n c e n t r a t i o n  o f  t r a c e r  (C) .  
F o r  systems w i t h  s u b s t a n t i a l  i n t e r n a l  f l o w  
m a l d i s t r i b u t i o n  ( t h a t  i s  l a r g e - s c a l e  i n -  
t e r n a l  v e l o c i t y  g r a d i e n t s )  wh ich  cannot  be 
modeled adequate ly  assuming e i t h e r  p e r f e c t  
b a c k m i x i n g  ( t h e  CSTR) o r  p l u g  f l o w  w i t h  
a x i a l  d i s p e r s i o n ,  t h e  s i t u a t i o n  becomes 
more d i f f i c u l t .  I n t e r n a l  s low-moving 
( s l u g g i s h )  o r  c h a n n e l i n g  zones must be 
d e s c r i b e d  u s i n g  models wh ich  t r e a t  t h e  
o v e r a l l  f l o w  system as a compos i te  o f  
superimposed i n t e r n a l  r e g i o n s  o f  d i f f e r e n t  
f l  ow v e l o c i t y  . 
Equat ion  ( 3 )  i s  d i r e c t l y  coup led  t o  t h e  
- s i t u  tempera ture  f i e l d  w i t h i n  t h e  system 
because k, t h e  f i r s t  o r d e r  r a t e  c o n s t a n t ,  
i s  a s t r o n g  f u n c t i o n  o f  tempera ture .  I t s  
dependence i s  commonly expressed i n  Arr- 
hen ius  fo rm as: 

k = Arexp C-E/RTl ( 4 )  

F o r  t y p i c a l  r e a c t i o n s  i n  aqueous geothermal  
env i ronments r a n g i n g  f r o m  say 50 t o  250°C 
f r o m  t h e  i n j e c t i o n  t o  t h e  p r o d u c t i o n  r e -  
g i o n ,  k w i l l  v a r y  b y  s e v e r a l  o r d e r s  o f  
magni tude.  

One v e r y  i m p o r t a n t  p o t e n t i a l  a p p l i c a t i o n  o f  
r e a c t i v e  t r a c e r s  i s  t o  p r o v i d e  a measure o f  
r e s e r v o i r  thermal  c a p a c i t y  b e f o r e  a c t u a l  
thermal  b reak through occurs .  The concept  
i s  a c t u a l l y  q u i t e  s i m p l e  i n c o r p o r a t i n g  t h e  
s t r o n g  tempera ture  dependence o f  k g i v e n  i n  
e q u a t i o n  ( 4 ) .  Suppose a s l u g  o f  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  o v e r a l l  c o n v e r s i o n  g i v e n  by  
e q u a t i o n  ( 2 )  i s  about  50% (Co/Cin = 0.5). 

A f t e r  some p e r i o d  o f  heat  e x t r a c t i o n  a 
second s l u g  o f  t r a c e r  i s  i n t r o d u c e d .  The 
c o n v e r s i o n  t h i s  t i m e  shou ld  be l e s s  t h a n  
50% g i v e n  t h a t  a p o r t i o n  o f  t h e  r e s e r v o i r  
has been c o o l e d  r e d u c i n g  t h e  v a l u e  o f  k and 
t h e  r e a c t i o n  r a t e  i n  t h a t  r e g i o n .  Conse- 
q u e n t l y ,  a s e r i e s  o f  r e a c t i v e  t r a c e r  t e s t s  
w i l l ,  i n  t h e o r y ,  map t h e  r a t e  o f  g rowth  o f  
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  as heat  
e x t r a c t i o n  proceeds, and h o p e f u l l y  p r o v i d e  
e a r l y  warn ing  o f  thermal  drawdown. 

The t h e o r y  o f  g e n e r a l i z e d  r e a c t i o n  t i m e s  
was proposed by  Nauman (1977)  and Nauman 
and Buf fham (1983)  t o  ex tend t h e  e x i s t i n g  
mathemat ics o f  RTD t h e o r y  t o  h a n d l e  a 
g r e a t e r  number o f  r e a c t i n g  f l o w  systems. 
By a p p r o p r i a t e l y  d e f i n i n g  an e q u i v a l e n t  
r e a c t i o n  t i m e  f o r  t h e  more complex case, 
c o n v e n t i o n a l  RTD a n a l y s i s  may be used 
s i m p l y  by  r e p l a c i n g  t h e  r e s i d e n c e  t i m e  w i t h  
a g e n e r a l i z e d  r e a c t i o n  t i m e ,  and t h e  RTD 
w i t h  a g e n e r a l i z e d  t i m e  d i s t r i b u t i o n .  The 
f i r s t  s u c h  e x t e n s i o n  o f  RTD t h e o r y  was 
proposed by  O r c u t t  e t  a l .  (1962) ,  who 
demonstrated t h e  u s e f u l n e s s  o f  t h e  c o n t a c t  
t i m e  i n  t h e  a n a l y s i s  o f  a f l u i d - s o l i d  
c a t a l y t i c  r e a c t o r .  

F o r  non iso thermal  systems, t h e  r e l e v a n t  
g e n e r a l i z e d  t i m e  i s  t h e  thermal  t i m e  0 
proposed by  Nauman (1977) :  

e = L t  exp(-E/RT)dt ( 5 )  

f o r  wh ich  an A r r h e n i u s  e x p r e s s i o n  i s  assu- 
med. The i n t e g r a l  i s  p e r f o r m e d  o v e r  t h e  
t ime- tempera ture  h i s t o r y  o f  a m o l e c u l e  i n  a 
non iso thermal  system. For  a group o f  r e -  
a c t a n t  mo lecu les  t r a v e l i n g  t h r o u g h  t h e  same 
non iso thermal  pa th ,  t h e  i n t e g r a t e d  f i r s t  
o r d e r  r a t e  l a w  i s  

C/Ci = exp(  -Are) 

Note t h a t  t h e  r a t e  l a w  o f  Eqn. ( 6 )  reduces 
t o  exp [ -k t ]  i n  an i s o t h e r m a l  system. 

Nauman (1977)  t h e n  d e f i n e d  a thermal  t i m e  
d i s t r i b u t i o n  (TTD) h ( 0 )  as f o l l o w s :  h (e)d8  

= t h e  f r a c t i o n  o f  mo lecu les  i n  t h e  e x i t  
s t ream w i t h  thermal  t i m e s  between e and 8 + 
de. F o r  non iso thermal  system, Eqn. ( 2 )  may 
be c o n v e r t e d  by  r e p l a c i n g  t w i t h  e and f ( t )  
by h ( e )  t o  g i v e :  
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r" 
c o / c i  n =J, h ( e )  exp(-Are)de ( 7 )  

wh ich  i s  r i g o r o u s  f o r  a s ing le-phase,  
i r r e v e r s i b l e ,  f i r s t - o r d e r  r e a c t i o n  i n  a 
s teady  s t a t e ,  non iso thermal  system. 

A system o f  t h i s  t y p e  can be d e s c r i b e d  w i t h  
a b i v a r i a t e  t h e r m a l / r e s i d e n c e  t i m e  d i s t r i -  
b u t i o n  f u n c t i o n  P ( t ,  e ) :  P(t,e ) d t d  e = t h e  
f r a c t i o n  o f  mo lecu les  i n  t h e  e x i t  s t ream 
w i t h  r e s i d e n c e  t i m e  between t and t + d t  
a n d  t h e r m a l  t i m e  b e t w e e n  e a n d  e + d e ,  
T h i s  n o r m a l i z e d  f u n c t i o n  r e p r e s e n t s  an 
i n v e n t o r y  o f  t h e r m a l  and r e s i d e n c e  t i m e  
p r o p e r t i e s  o f  mo lecu les  i n  t h e  e x i t  stream. 
I t i s  a t  t h e  i n t e r s e c t i o n  o f  f ( t )  and h ( e ) ,  
where t h e  n o r m a l i z a t i o n  i s  c a r r i e d  o u t  so 
t h a t ,  

- 

The f u n c t i o n  P ( t ,  6) i s  d e f i n e d  so t h a t  i t  
i s  r e l a t e d  t o  f ( t )  and t o  t h e  thermal  t i m e  
d i s t r i b u t i o n  h (  e ) .  I n t e g r a t i n g  o v e r  a l l  
thermal  t i m e s  a t  a g i v e n  r e s i d e n c e  t i m e :  

f ( t )  = P ( t ,  e ' ) d e '  (9) 1- 
L i k e w i s e ,  i n t e g r a t i n g  o v e r  a l l  r e s i d e n c e  
t i m e s  f o r  a g i v e n  thermal  t ime:  

r- 
h ( e )  = P ( t ' , e ) d t '  IO 

I f  t h e  d i s t r i b u t i o n  f u n c t i o n  approach i s  t o  
b e  used, t h e  b i v a r i a t e  d i s t r i b u t i o n  func-  
t i o n  P ( t ,  e )  must e n t e r  i n t o  any r i g o r o u s  
d e s c r i p t i o n  o f  a non iso thermal  f l o w  system. 
T h i s  i s  t r u e  b e c a u s e  f l u i d  o r  r e a c t a n t  
mo lecu les  e x i t i n g  w i t h  t h e  same r e s i d e n c e  
t i m e  need n o t  h a v e  e x p e r i e n c e d  t h e  same 
t ime- tempera ture  h i s t o r i e s .  Thus, t h e  
o u t l e t  chemical  c o n c e n t r a t i o n  o f  mo lecu les  
a t  a g i v e n  r e s i d e n c e  t i m e  i s ,  i n  genera l ,  a 
r e s u l t  o f  superimposed r e a c t a n t  concent ra -  
t i o n s  f r o m  d i f f e r e n t  f l o w  and tempera ture  
p a t h s  wh ich  have r e a c t e d  t o  d i f f e r e n t  
e x t e n t s .  

The p h y s i c a l  s i g n i f i c a n c e  o f  t h e  RTD f ( t ) ,  
TTD h (  e ) ,  and b i v a r i a t e  d i s t r i b u t i o n  P( t ,B)  
c a n  e a c h  b e  d e m o n s t r a t e d  u s i n g  a s i m p l e  
t h o u g h t  exper iment .  P i c t u r e  t h e  i n j e c t i o n  
o f  a t r a c e r  p u l s e  c o n t a i n i n g  a v e r y  l a r g e  
number o f  smal l  d r o p l e t s  o f  i d e n t i c a l  s i z e  
wh ich  c o n t a i n  a r e a c t a n t  undergo ing  a f i r s t  
o r d e r  r e a c t i o n .  The d r o p l e t s  a r e  immis- 
c i b l e  i n  t h e  r e a c t o r  f l u i d ,  y e t  f o l l o w  t h e  
same f l o w  p a t h s  w i t h  t h e  same RTD as t h e  
i n j e c t e d  f l u i d .  Assume a l s o  t h a t  t h e  drop-  
l e t s  a r e  c o l l e c t e d  a t  t h e  o u t l e t  and a n a l y -  

zed s e p a r a t e l y  so t h a t  t h e  r e s i d e n c e  t i m e  
and e x t e n t  of r e a c t i o n  w i t h i n  each d r o p  a r e  
known. l h i s  i d e a l i z e d  exper iment  cou ld ,  i n  
t h e o r y ,  b e  u s e d  t o  m e a s u r e  t h e  RTD, t h e  
TTD, and t h e  b i v a r i a t e  d i s t r i b u t i o n  P(t,e). 

f ( t ) :  I f  t h e  o u t l e t  f l u i d  i s  c o l l e c t -  
ed between t and t + d t ,  t h e  number o f  
d r o p l e t s  i n  t h i s  sample, d i v i d e d  by 
t h e  t o t a l  number i n j e c t e d ,  equa ls  
f ( t ) d t .  
h (  e):  The d imens ion less  c o n c e n t r a t i o n  
i n  ii d r o p l e t  e q u a l s  exp[-A e l .  Thus, 
a t h e r m a l  t i m e  may b e  o b f a i n e d  f o r  
each d r o p l e t  f r o m  a measurement o f  t h e  
e x t e n t  o f  r e a c t i o n .  The number 
o f  d r o p l e t s  f o r  wh ich  t h e  thermal  t i m e  
f a l l s  between 8 and 8 + d 0, r e g a r d l e s s  
o f  r e s i d e n c e  t i m e ,  d i v i d e d  by  t h e  
t o t a l  number o f  d r o p l e t s ,  equa ls  
h ( 0) d e. 
P ( t , e ) :  The number o f  d r o p l e t s  wh ich  
e x i t  between t and t + d t  possess 
thermal  t i m e s  between e and 0 + d 8, 
d i v i d e d  by  t h e  t o t a l  number o f  
d r o p l e t s ,  e q u a l s  P ( t ,  e)dtde. 

INTERPRETATION OF EXPERIMENTAL TRACER DATA 

A l though t h e  t h e o r e t i c a l  exper iment  j u s t  
d e s c r i b e d  f a c i l i t a t e s  an e x p l a n a t i o n  o f  t h e  
v a r i o u s  d i s t r i b u t i o n  f u n c t i o n s  i n  a non- 
i s o t h e r m a l  r e a c t i n g  f l o w  system, i t  i s  
o b v i o u s l y  t o o  cumbersome an exper iment  t o  
c a r r y  o u t  p r a c t i c a l l y .  Thus, we propose a 
s i m p l e r  fo rm o f  t h e  exper iment ,  c a l l e d  t h e  
t r a n s i e n t  r e a c t i v e  t r a c e r  exper iment ,  i n  
wh ich  a p u l s e  o f  a m i s c i b l e  t r a c e r  i s  i n -  
j e c t e d  i n t o  a non iso thermal  f l o w  system, 
and t h e  c o n c e n t r a t i o n - t i m e  b e h a v i o r  of t h e  
r e a c t a n t  o r  p r o d u c t  i s  m o n i t o r e d  a t  t h e  
o u t l e t .  The t e r m  " t r a n s i e n t "  r e f e r s  t o  t h e  
t ime-dependent n a t u r e  o f  t h e  t r a c e r  mea- 
surement, and n o t  t o  t i m e - v a r y i n g  o p e r a t i n g  
c o n d i t i o n s  o f  t h e  f l o w  system. Only  s teady  
s t a t e  ( o r  q u a s i - s t e a d y  s t a t e )  f l o w  and tem- 
p e r a t u r e  f i e l d s  a r e  cons idered.  I n  a d d i -  
t i o n  t o  t he  c o n v e c t i v e ,  m o l e c u l a r  d i f f u -  
s i v e ,  and mechanica l  d i s p e r s i v e  mechanisms 
t h a t  i n f l u e n c e  i n e r t  t r a c e r  behav io r ,  t h e  
r e a c t i v e  t r a c e r  a1 so undergoes an i r r e v e r -  
s i b l e ,  f i r s t  o r d e r  r e a c t i o n .  

The amount o f  t r a c e r  remain ing  a t  d i f f e r e n t  
r e s i d e n c e  t i m e s  w i l l  b e  measured a t  t h e  
o u t l e t .  The d i s p e r s i o n  o f  b o t h  t h e  r e a c t -  
a n t s  and p r o d u c t s  i s  governed by  t h e  f ( t )  
curve ,  w h i l e  t h e  p e r c e n t  r e a c t i o n  a t  each 
r e s i d e n c e  t i m e  i s  c o n t r o l l e d  by  t h e  i n t e r -  
n a l  t i m e - t e m p e r a t u r e  h i s t o r i e s  o f  t h e  
t r a c e r .  It can be shown t h a t  t h e  o u t l e t  
c o n v e r s i o n  (Co/Cin) g i v e n  r i g o r o u s l y  by 

e q u a t i o n  ( 7 )  can a l t e r n a t i v e l y  be expressed 
i n  terms o f  P ( t ,  e) as, 

'o/'i n P ( t ,  e)exp(-Ap ) d e d t  
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The key t o  u n d e r s t a n d i n g  t h e  t r a n s i e n t  
r e a c t i v e  t r a c e r  a n a l y s i s  i s  t h a t  t h e  C ( t )  
and f ( t )  d a t a  p r o v i d e  c o n v e r s i o n  o r  thermal  
t i m e  i n f o r m a t i o n  f o r  mo lecu les  o f  d i f f e r e n t  
res idence t ime.  S ince  t h e  thermal  t i m e ,  
which i s  t h e  fundamenta l  v a r i a b l e  f o r  
r e a c t i o n  i n  non iso thermal  systems, i s  c a l -  
c u l a t e d  f r o m  an i n t e g r a l  a l o n g  t h e  f l o w  
path,. c o n v e r s i o n  d a t a  i s  a lumped, macro- 
s c o p i c  r e s u l t  w h i c h  does  n o t  p r o v i d e  a 
m i c r o s c o p i c  d e s c r i p t i o n  o f  t h e  a c t u a l  t i m e -  
tempera ture  h i s t o r y .  Nonetheless,  t h e  ex- 
per iment  w i l l  d i r e c t l y  d e t e c t  n o n i s o t h e r -  
m a l i t i e s  which a r e  s p e c i f i c a l l y  l i n k e d  t o  
r e s i d e n c e  t ime.  F o r  example, i f  t h e  temp- 
e r a t u r e  f i e l d  encountered  by f l u i d  o f  smal l  
r e s i d e n c e  t i m e  t i s  d i f f e r e n t  t h a n  t h a t  o f  
t h e  l o n g - r e s i d e n c e - t i m e  f l u i d ,  t h e  t r a n s i -  
e n t  r e a c t i v e  t r a c e r  response w i l l  i n d i c a t e  
t h i s  phenomenon. However, t e m p e r a t u r e  
p a t t e r n s  a l o n g  a f l o w  p a t h  cannot  be d e t e r -  
mined f rom t h e  s i n g l e  t r a n s i e n t  t r a c e r  
a n a l y s i s  u n l e s s  o t h e r  i n f o r m a t i o n  about  t h e  
tempera ture  p a t t e r n  i s  a v a i l a b l e .  

I n  many systems l a r g e - s c a l e  h e t e r o g e n e i t i e s  
cause t h e  observed RTD. These would i n -  
c l  ude mu1 t i  f r a c t u r e  r e s e r v o i r s  w i t h  chan- 
n e l i n g  o r  m u l t i d i m e n s i o n a l  f l o w  i n  s p e c i f i c  
f r a c t u r e s ,  where d i f f e r e n t  r e s i d e n c e  t i m e s  
a r e  a s s o c i a t e d  w i t h  s p e c i f i c  p h y s i c a l  
l o c a t i o n s  w i t h i n  t h e  r e s e r v o i r .  If t h e s e  
i n t e r n a l  f l o w  r e g i o n s  possess d i f f e r e n t  
tempera ture  f i e l d s ,  t h e n  t h e  C ( t )  response 
may be i n t e r p r e t e d  t o  o b t a i n  t h e  e x t e n t  o f  
non i  sothermal  i t y  . F o r  mal d i  s t r i  b u t e d  f l  ow 
f i e l d s ,  a u s e f u l  s i m p l i f i c a t i o n  o f  t h e  
i n t e r n a l  f l o w  and tempera ture  f i e l d  i s  t o  
assume t h a t  each r e s i d e n c e  t i m e  cor responds 
t o  one and o n l y  one v a l u e  o f  t h e  thermal  
t ime.  T h i s  assumpt ion  w i l l  h e r e a f t e r  be 
c a l l e d  t h e  r e s i d e n c e  t ime- thermal  t i m e  
correspondence c r i t e r i o n .  Under t h e s e  
c o n d i t i o n s  i n  o u r  h y p o t h e t i c a l  d r o p l e t  
exper iment ,  a l l  d r o p l e t s  e x i t i n g  a t  a g i v e n  
t i m e  t would have t h e  same chemical  reac-  
t i o n  c o n v e r s i o n .  T h i s  i m p l i e s  t h a t  t h e  
b i v a r i a t e  d i s t r i b u t i o n  f u n c t i o n  P ( t , B )  i s  
nonzero f o r  o n l y  one v a l u e  o f  thermal  t ime,  
expressed u s i n g  a D i r a c  d e l t a  f u n c t i o n  6 ( )  
as, 

P ( t ,  e) = 6 [ e - e ( t ) l f ( t )  ( 12 )  

where e ( t )  i s  t h e  thermal  t i m e  cor respond-  
i n g  t o  t h e  f l o w  p a t h  o f  r e s i d e n c e  t i m e  t. 
The s teady  s t a t e  o u t l e t  c o n v e r s i o n  g i v e n  by  
e q u a t i o n  ( 7 )  i s  u s e d  i n  e q u a t i o n  ( 2 )  t o  
c a l c u l a t e  an " i s o t h e r m a l  equ i  Val e n t "  E, 
which i s  t h e  r a t e  c o n s t a n t  r e q u i r e d  f o r  t h e  
same s teady  s t a t e  c o n v e r s i o n  i n  an i s o t h e r -  
mal r e s e r v o i r  h a v i n g  an i d e n t i c a l  RTD o r  
f ( t)  curve.  The i s o t h e r m a l  equ i  Val e n t  r e s -  
ponse c u r v e  C ( t )  t o  a p u l s e  i n j e c t i o n  i s  

t h e n  de termined from: 
P 

Correspondence between res idence t i m e  and 
thermal  t i m e ,  i f  it e x i s t s ,  w i l l  be obser -  
ved  b y  c o m p a r i n g  C I ( t )  w i t h  t h e  a c t u a l  

P 
C ( t)  data.  

The c a l c u l a t e d  C 1 ( t )  c u r v e  w i l l  e x h i b i t  

d i f f e r e n c e s  i n  r e a c t a n t  c o n v e r s i o n  w i t h  
r e s i d e n c e  t i m e  wh ich  a r e  due only t o  t h e  
r e s i d e n c e  t ime,  w h i l e  t h e  measured E(t)  
c u r v e  may t a k e  a d i f f e r e n t  shape depending 
on t h e  t e m p e r a t u r e  f i e l d .  T h e r e  a r e  a t  
l e a s t  t h r e e  t y p e s  o f  i n t e r n a l  f low/ tempera-  
t u r e  f i e l d s  wh ich  c o u l d  g i v e  r i s e  t o  
d i f f e r e n t  r e a c t i v e  t r a c e r  b e h a v i o r ,  as 
shown c o n c e p t u a l l y  i n  F i g u r e  1. The f i r s t ,  

P 

P 

P 

1 abel  1 ed u n i  form r e a c t  i o n  e n v i  ronment , 
r e s u l t s  i n  i d e n t i c a l  C,(t) curves  f o r  t h e  

a c t u a l  and i s o t h e r m a l  e q u i v a l e n t  cases. I n  
s u c h  a sys tem,  a l l  f l o w  p a t h s  e n c o u n t e r  
s i m i l a r  tempera ture  f i e l d s ,  r e g a r d l e s s  o f  
r e s i d e n c e  t ime.  Obv ious ly ,  a l l  i s o t h e r m a l  
systems a r e  examples o f  u n i f o r m  r e a c t i o n  
env i ronments,  w i t h  e ( t )  = texp(-E/RT). 
Nonisothermal  systems may a l s o  e x h i b i t  t h i s  
b e h a v i o r  i f  a l l  f l u i d  elements e x p e r i e n c e  
t h e  same tempera ture  f i e l d ,  r e g a r d l e s s  o f  
r e s i d e n c e  t ime.  

I n  t h e  temperature-enhanced r e a c t i o n  
env i ronment ,  t h e  e x t e n t  o f  r e a c t i o n  a t  
l o n g e r  r e s i d e n c e  t i m e s  i s  q r e a t e r  t h a n  t h a t  
which can be e x p l a i n e d  by r e s i d e n c e  t i m e  
a lone.  A t e m p e r a t u r e  e f f e c t  compounds t h e  
normal i n c r e a s e  i n  r e a c t a n t  c o n v e r s i o n  w i t h  
r e s i d e n c e  t ime. F o r  a system e x h i b i t i n g  
t h i s  t y p e  o f  r e a c t i v e  t r a c e r  b e h a v i o r ,  t h e  
l o n g e r  r e s i d e n c e  t i m e  f l o w  p a t h s  are,  on 
average, a t  h i g h e r  temperatures.  

By t h e  same reason ing ,  t h e  temperature-com- 
p e n s a t e d  r e a c t  i o n  e n v i  r o n m e n t  i s  one i n  
wh ich  l o n g e r  r e s i d e n c e  t i m e s  c o r r e l a t e  w i t h  
c o o l e r  average tempera tures .  A s i n g l e  
t r a n s i e n t  r e a c t i v e  t r a c e r  exper iment ,  when 
ana lyzed u s i n g  t h e  i s o t h e r m a l  e q u i v a l e n t  
method, p r o v i d e s  model - independent  i n f o r m a -  
t i o n  f o r  complex, non iso thermal  systems. 
The a n a l y s i s  j u s t  o u t l i n e d  c o u l d  be used as 
t h e  s t a r t i n g  p o i n t  i n  t h e  c o n s t r u c t i o n  of a 
d e s c r i p t i v e  f l o w  and thermal  model. I n t e r -  
n a l  f l o w  zones o f  d i f f e r e n t  volume, f l o w  
v e l o c i t y ,  and tempera ture  c o u l d  be e s t a -  
b l i s h e d  on t h e  b a s i s  o f  an a n a l y s i s  o f  t h e  
i n e r t  f ( t )  and r e a c t i v e  C ( t )  responses. 

P 
REACTIVE TRACER SELECTION AND 

CHARACTERIZATION 

I n  a d d i t i o n  t o  h a v i n g  a l l  t h e  d e s i r a b l e  
c h a r a c t e r i s t i c s  o f  i n e r t  t r a c e r s ,  r e a c t i v e  
t r a c e r s  k i n e t i c  parameters (Ar and E )  

shou ld  be such t h a t  t h e  c h a r a c t e r i s t i c  r e -  
a c t i o n  t i m e  T~ = l / k  f o r  a 1 s t  o r d e r  r e -  

a c t i o n  i s  o f  t h e  same o r d e r  o f  magni tude as 
t h e  mean r e s i d e n c e  t i m e  T. 
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K i n e t i c  e x p e r i m e n t s  w e r e  p e r f o r m e d  i n  a 
c o n s t a n t - t e m p e r a t u r e  r e a c t o r  t o  i d e n t i f y  
c a n d i d a t e  r e a c t i v e  t r a c e r s  f o r  d i f f e r e n t  
geothermal a p p l i c a t i o n s .  The r a t e s  o f  
h y d r o l y s i s  o f  s i x  o r g a n i c  e s t e r s  and t h r e e  
u n s u b s t i t u t e d  amides were de termined i n  a 
b u f f e r  s y s t e m  c o n s i s t i n g  o f  m i x t u r e s  o f  
sodium b i c a r b o n a t e  and a c e t i c  a c i d  i n  
d e i o n i z e d  water .  The k i n e t i c  r a t e  l a w  f o r  
t h e  a l k a l i n 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  i s  
g i v e n  by  

d[EAI /dt  = -k2[0H-][EA] (14)  

I n  t h e s e  b u f f e r e d  s o l u t i o n s  o f  pH between 
5.6 and 7.3, [OH- ]  i s  c o n s t a n t  d u r i n g  an 
exper iment ,  b u t  i t s  v a l u e  a t  e l e v a t e d  
tempera ture  i s  much h i g h e r  t h a n  a t  25°C due 
t o  t h e  temperature-dependence o f  t h e  
e q u i l i b r i u m  c o n s t a n t s  o f  t h e  water ,  
b i c a r b o n a t e ,  and a c e t i c  a c i d  d i s s o c i a t i o n  
r e a c t i o n s .  A chemical  e q u i l i b r i u m  model 
was d e v e l o p e d  t o  p r e d i c t  [ O H - ]  a t  h i g h  
t e m e r a t u r e  f o r  a c l o s e d  svstem o f  known 
chemical  c o n d i t i o n s  a t  25°C. 

T h i s  model i s  used t o  e v a l u a t e  t h e  a u t o -  
c l a v e  h y d r o l y s i s  d a t a  o b t a i n e d  f o r  e t h y l  
a c e t a t e  i n  b u f f e r e d  s o l u t i o n s  as summarized 
i n  F i g u r e  2. The a u t o c l a v e  d a t a  agree w i t h  
a l k a l i n e  h y d r o l y s i s  k i n e t i c  parameters 
o b t a i n e d  a t  h i g h  pH and l o w  t e m p e r a t u r e  
( t y p i c a l l y  0.01 M NaOH and 30-60°C) b y  
p r e v i o u s  i n v e s t i g a t o r s  and i n  t h e  p r e s e n t  
s tudy.  However, i f  we m e r e l y  assume 

[OH-]=10(PH-14), w i t h o u t  a c c o u n t i n g  f o r  
tempera ture ,  t h e  observed r e a c t i o n  r a t e s  
a r e  2 - 3  o r d e r s  o f  m a g n i t u d e  h i g h e r  t h a n  
expected.  A lso ,  exper iments  per fo rmed a t  
h i g h e r  pH e x h i b i t e d  t h e  r a t e  b e h a v i o r  
p r e d i c t e d  by t h e  [OH- ]  model. 

S i m i  1 a r  agreement w i t h  pub1 i shed a1 k a l  i ne 
h y d r o l y s i s  d a t a  was o b t a i n e d  f o r  a l l  b u t  
one o f  t h e  e s t e r s  ( t - b u t y l  a c e t a t e ) .  The 
amides  a l s o  a p p e a r  t o  f o l l o w  t h e  p r o p e r  
r a t e  versus [OH-] b e h a v i o r ,  h u t  t h e  
a b s o l u t e  r a t e s  were h i g h e r  t h a n  expec ted  
f ro ln  t h e  e x t r a p o l a t e d  l i t e r a t u r e  r e s u l t s .  
F i g u r e  3 shows t h e  r e s u l t s  o f  t h e  a u t o c l a v e  
h y d r o l y s i s  exper iments  i n  t h e  form o f  
r e a c t i o n  t i m e  ( 1 / k 2 [ 0 H - ]  v e r s u s  1 / T  f o r  

g e o f l u i d  o f  pH 6. F i n a l l y ,  p r e l i m i n a r y  
r o c k  c o m p a t i b i l i t y  s t u d i e s  u s i n g  c rushed 
g r a n i t e  showed no e v i d e n c e  o f  c a t a l y t i c  
e f f e c t s ,  b u t  t h e  e s t e r s  o f  h i g h e r  m o l e c u l a r  
we igh t  had a s l i g h t  tendency t o  adsorb on 
t h e  r o c k  sur face .  

VERIFICATION OF REACTIVE TRACER ANALYSIS 
TECHNIOUES 

The r e a c t i v e  t r a c e r  techn iques  i n t r o d u c e d  
e a r l i e r  were v e r i f i e d  e x p e r i m e n t a l l y  f o r  
t h e  c a s e  o f  a v e r t i c a l ,  c o u n t e r c u r r e n t ,  
s h e l l  and t u b e  h e a t  exchanger w i th  l a m i n a r  
f l o w .  Assuming a p a r a b o l i c  v e l o c i t y  p r o -  
f i  1 e, t e m p e r a t u r e  independent  t hermal 

p h y s i c a l  p r o p e r t i e s ,  and n e g l i g i b l e  a x i a l  
c o n d u c t i o n  o f  heat ,  t h e  w e l l  known Graetz  
s o l u t i o n  i s  a p p l i c a b l e  (see E c k e r t  and 
D r a k e  ( 1 9 7 2 )  f o r  d e t a i l s ) .  Under  t h e s e  
c o n d i t i o n s  t h e  a x i  a1 and r a d i a l  tempera ture  
p r o f i l e  i s  g i v e n  by :  

when Cn i s  a numer ica l  c o n s t a n t  cor respond 

i n g  t o  each E igenva lue  An. R n ( r  ) a r e  t h e  

r a d i a l  f u n c t i o n  f o r  each E igenva lue  
Equat ion  ( 1 5 )  can be a s y m p t o t i 2 a l l y  
approx imated by  

t 

T+ = Tt (x+, r+)  = exp( -  ,3 /3)d ,(16) 

where d imens ion less  v a r i a b l e s  a r e  d e f i n e d  
as : 

x + = x / ( roRePr)  : r t = r/rO 

Tt = (T-Tw)/ )To-Tw) 

F l u i d  f l o w s  up t h r o u g h  t h e  i n s i d e  t u b e  and 
i s  heated o r  c o o l e d  f rom t h e  o u t s i d e .  
F i r s t ,  t h e  c o n s t a n t - w a l l  t e m p e r a t u r e  Graetz  
s o l u t i o n  was c o u p l e d  t o  t h e  t h e o r e t i c a l  
t r a c e r  response assulning t h e  p a r a b o l i c  
v e l o c i t y  p r o f i l e  and no m o l e c u l a r  d i f f u s i o n  
o f  t r a c e r .  Cal c u l  a t e d  r e a c t  i ve t r a c e r  
response curves  a r e  shown i n  F i g u r e  4 f o r  
c o l d  i n j e c t i o n  f l u i d  heated f rom t h e  o u t -  
s i d e  and h o t  f l u i d  c o o l e d  f rom t h e  o u t s i d e .  
The d r a m a t i c  d i f f e r e n c e  d e t e c t e d  b y  t h e  
t r a n s i e n t  r e a c t i v e  t r a c e r  curves  demon- 
s t r a t e s  t h a t  t h e  C ( t )  response can be used 
t o  e v a l u a t e  t h e  i n t e r n a l  temperature f i e l d  
o f  t h i s  system. 

Heat t r a n s f e r  and i n e r t  and 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 e r e  p e r f o r m e d  i n  a l a m i n a r  
f l o w  heat  exchanger (Re = 100) t o  e v a l u a t e  
t h e  Graetz  model and t h e  r e a c t i v e  t r a c e r  
techn iques .  The chemical  r e a c t i o n  used was 
t h e  a l k a l i n 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  
(EA) t o  e thano l  and a c e t i c  ac id .  When 
[ E A ]  >> [OH-], t h e  p s e u d o - f i r s t  o r d e r  r a t e  
l a w  i s  

P 

. d[OH-]/dt = -kCOH-I, 
. .  

where k = exp(-E/RT)A 
p s u e d o - f i r s t  o r d e r  r a t e  c o n s t a n t .  The t e r m  
e x p ( - E / R T ) A r , 2  i s  t h e  s e c o n d  o r d e r  r a t e  

c o n s t a n t  f o r  t h e  r e a c t i o n .  and t h e  apparent  
A, under  t h e s e  c o n d i t i o n s  i s  Ar ,2[EAI .  

t h i s  case t h e  r e a c t i v e  t r a c e r  i s  OH- 

[EA]  i s  t h e  
r ,2  

I n  
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DIMENSIONLESS TIME (t /r)  

F i g u r e  1. T y p i c a l  r e a c t i v e  t r a c e r  p u l s e  
response curves  f o r  t h e  t h r e e  r e a c t i o n  
env i ronments.  
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measured o n - l i n e  i n  t h e  o u t l e t  s t ream u s i n g  
a pH e l e c t r o d e .  V a r y i n g  C E A I ,  w h i l e  a lways 
keep ing  i t  l a r g e  compared t o  [OH 1, i s  a 
conven ien t  way t o  v a r y  A, o r  k o v e r  a l a r g e  

range. The i n v e r s e  s t e p  o r  washout t r a c e r  
t e c h n i q u e  was employed i n  t h e s e  t e s t s .  
Stock s o l u t i o n  (EA d i s s o l v e d  i n  d e i o n i z e d  
w a t e r )  and O H -  i n  t h e  f o r m  o f  a c o n c e n -  
t r a t e d  s o l u t i o n  o f  NaOH, were i n j e c t e d  
c o n t i n u o u s l y  u n t i l  a s teady  s t a t e  o u t l e t  
v a l u e  of Co/Cin was ob ta ined.  

t = 0, t h e  OH- s t ream was s h u t  o f f ,  and t h e  
t r a n s i e n t  response t o  t h e  n e g a t i v e  s t e p  o f  
[OH-] was measured a t  t h e  e x i t .  Non-reac- 
t i v e  t r a c e r  t e s t s  were per formed s i m i l a r l y  
by  i n j e c t i n g  a s t o c k  s o l u t i o n  o f  p u r e  
d e i o n i z e d  w a t e r  w i t h o u t  EA. Equat ions  
g o v e r n i n g  t h i s  mode o f  t r a c e r  i n j e c t i o n  and 
r e s u l t i n g  "washout" curves  were d e r i v e d  
f r o m  t h e  p u l s e  response equat ions .  

The e x p e r i m e n t a l  h e a t  t r a n s f e r  a n d  non-  
r e a c t i v e  t r a c e r  r e s u l t s  suggest  t h a t  a 
combined f o r c e d - f r e e  c o n v e c t i o n  f l o w  f i e l d  
e x i s t e d  i n  t h e  h e a t  exchanger. C a l c u l a t e d  
h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  b o t h  h e a t i n g  
and c o o l i n g  f r o m  t h e  o u t s i d e  w e r e  much 
l a r g e r  t h a n  p r e d i c t e d  f rom t h e  Graetz  
s o l u t i o n ,  wh ich  c o n s i d e r s  o n l y  f o r c e d  
convec t ion .  A lso ,  t h e  n o n - r e a c t i v e  t r a c e r  
response f o r  t h e  t h r e e  non iso thermal  f l o w  
f i e l d s  w e r e  s i m i l a r  t o  e a c h  o t h e r ,  b u t  
d r a m a t i c a l l y  d i f f e r e n t  t h a n  an exper iment  
per formed i n  t h e  i s o t h e r m a l  t u b e  as shown 
i n  F i g u r e  5. The shapes o f  t h e  n o n i s o -  
thermal  response curves  i n d i c a t e d  more 
u n i f o r m  f l o w  and l e s s  l o n g - r e s i d e n c e - t i m e  
t a i l i n g  which i s  c o n s i s t e n t  w i t h  t h e  model 
o f  n a t u r a l  c i r c u l a t i o n  and m i x i n g  o f  f l u i d  
n e a r  t h e  w a l l .  The p o s s i b l e  e f f e c t s  o f  
tempera ture- induced v i s c o s i t y  v a r i a t i o n s  
across  t h e  t u b e  r a d i u s  were a l s o  c o n s i d e r e d  
and found t o  be a much l e s s  l i k e l y  exp lana-  
t i o n  f o r  t h e  da ta .  
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F i g u r e  2 .  
l y s i s  parameters o b t a i n e d  i n  b a s i c  s o l u t i o n s  

Comparison o f  e t h y l  a c e t a t e  hydro-  

Temperolure ("C) 

1. lo3 ( ~ - 7  

Summary of a l k a l i n e  h y d r o l y s i s  

T 

F i g u r e  3.  
k i n e t i c  exper iments :  r e a c t i o n  t i m e  versus 
tempera ture  i n  a geothermal  f l u i d  o f  pH= 6 
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OAAETZ MOOEL CALCUATIONS 

-NERT WASHOUT RESPONSE 

DIMENSIONLESS TlME (115) 

F i g u r e  4. 
curves  c a l c u l a t e d  assuming t h e  Graetz  s o l u t i c n  
a p p l i e s  f o r  h e a t i n g  o r  c o o l i n g  t o  a f l u i d  
f l o w i n g  i n  l a m i n a r  f l o w  i n s i d e  a tube 

T r a n s i e n t  r e a c t i v e  t r a c e r  response 

APPLICATIONS TO FRACTURED R E S E R V O I R  S I Z I N G  

A m a j o r  c h a l l e n g e  f a c i n g  t h e  development o f  
a r t i f i c i a l l y  s t i m u l a t e d  h o t  d r y  r o c k  (HDR) 
r e s e r v o i r s  i s  t h e  p r e d i c t i o n  o f  l i f e t i m e  
and thermal  c a p a c i t y  e a r l y  i n  t h e  produc-  
t i o n  h i s t o r y  o f  t h e  r e s e r v o i r .  (Armstead 
and Tes ter ,  1987). T h i s  I S  a v e r y  
d i f f i c u l t  t a s k  i n  v iew o f  t h e  complex f l o w  
systems t h a t  seem t o  t y p i f y  t h e  p r o t o t y p e  
HDR s y s t e m s  d e v e l o p e d  i n  t h e  US a t  t h e  
F e n t o n  H i l l  s i t e  a n d  i n  t h e  U . K .  a t  t h e  
Rosemanowes s i t e .  The RTD's o f  b o t h  
systems appear t o  be composi tes o f  super -  
i m p o s e d  f l o w  f r o m  a number o f  s e p a r a t e /  
f r a c t u r e  j o i n t  systems ( B a t c h e l o r ,  e t  a1 ., 
1986 and Robinson e t  al., 1987). An 
a d d i t i o n a l  c o m p l i c a t i o n  appears as 
t h e  r e s e r v o i r  undergoes dynamic changes 
d u r i n g  t h e  h e a t  e x t r a c t  i o n  p e r i o d .  
Observa t ions  a t  Fenton H i  11 and Rosemanowes 
b o t h  i n d i c a t e  a l a r g e  i n c r e a s e  i n  r e s e r v o i r  
v o l u m e  o v e r  r e l a t i v e l y  s h o r t  p e r i o d s  o f  
h e a t  removal (30 days t o  400 days) .  I t  i s  
q u i t e  l i k e l y  t h a t  t h i s  i n c r e a s e  i n  s i z e  
w i l l  a l s o  l e a d  t o  an i n c r e a s e  i n  thermal  
l i f e t i m e  a t  t h e  same h e a t  e x t r a c t i o n  r a t e .  
( T e s t e r ,  e t  al. ,  1986). 

To summarize, HDR r e s e r v o i r  systems c r e a t e d  
by  h y d r a u l i c  s t i m u l a t i o n  i n  l o w  perme- 
a b i l i t y  c r y s t a l l i n e  r o c k  a r e  g e n e r a l l y  
c h a r a c t e r i z e d  by  h i g h l y  d i s p e r s e d  f l o w  as a 
r e s u l t  o f  superimposed, m u l t i d i m e n s i o n a l  

F i g u r e  5. Comparison o f  measured i n e r t  
t r a c e r  response i n  a washout exper iment  f o r  
t h e  t h r e e  thermal  s i t u a t i o n s :  i s o t h e r m a l ,  
o u t s i d e  h e a t i n g ,  and o u t s i d e  c o o l i n g .  

f l o w  i n  i n t e r c o n n e c t e d  j o i n t  s e t s .  
Fur thermore,  t h i s  composi te  f r a c t u r e  system 
undergoes dynamic changes i nduced by 
thermal  and/or  h y d r a u l i c  s t r e s s  e f f e c t s  as 
a r e s u l t  o f  p r e s s u r i z e d  c i r c u l a t i o n  o f  
f l u i d  t o  e x t r a c t  heat .  Our i n i t i a l  
mode l ing  approach f o r  r e a c t i v e  t r a c e r  
a n a l y s i s  has been t o  s i m p l i f y  t h e  system 
enough t o  make i t  t r a c t a b l e  b u t  t o  r e t a i n  
s u f f i c i e n t  c o m p l e x i t y  t o  c a p t u r e  t h e  b a s i c  
p h y s i c a l  and chemical  phenomena t h a t  a r e  
o c c u r r i n g  . 
Rather  t h a n  t r y  t o  dea l  w i th  t h e  composi te  
f r a c t u r e  system i n  i t s  e n t i r e t y ,  we have 
d e c i d e d  t o  s u b d i v i d e  t h e  r e s e r v o i r  i n t o  
s e p a r a t e  f l o w  systems as  a s t a r t i n g  p o i n t  
f o r  a n a l y s i s .  I n i t i a l l y ,  a m u l t i p l e  s e t  o f  
i n d i v i d u a l  j o i n t s  w i t h  1-d imensional  a r e a l  
f lows and s p e c i f i e d  geometr ies was assumed 
t o  c o n t r i b u t e  t o  t h e  e a r l y  p o r t i o n  o f  t h e  
RTD near  t h e  modal volume w h i l e  t h e  l o n g e r  
t a i l  o f  t h e  RTD w i t h  e x t r e m e l y  l a r g e  
r e s i d e n c e  t i m e s  was due t o  more v o l u m e t r i c -  
l i k e  f l o w  i n  h i g h l y  f r a c t u r e d  s e c o n d a r y  
f l o w  p a t h s .  A n u m e r i c a l  h e a t  t r a n s f e r  
model was developed t o  account  f o r  t r a n s i -  
e n t  e f f e c t s  i n  t h e  f r a c t u r e  system and t o  
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p r o v i d e  e s t i m a t e s  f o r  s p a t i a l  tempera ture  C ( t ) - c o n c e n t r a t i o n  versus t i m e  
d i s t r i b u t i o n s  a l o n g  each f r a c t u r e .  I n d i v i -  response o f  a t r a c e r  ( k g / l i t e r )  
d u a l  f r a c t u r e s  w e r e  assumed t o  b e  non-  

r a t e s  c o u l d  be a l t e r e d  t o  s i m u l a t e  r e s e r -  
v o i r  growth and o t h e r  dynamic changes. The E- r e a c t i o n  a c t i v a t i o n  energy 
thermal  f i e l d  was s i m u l a t e d  f o r  each (kJ /mol )  
i n d i v i d u a l  f r a c t u r e  o v e r  a g i v e n  heat  

i n t e r a c t i n g  t h e r m a l l y  b u t  r e l a t i v e  f l o w  D- d i s p e r s i o n  c o e f f i c i e n t  (m/s) 

e x t r a c t i o n  p e r i o d  w i t h  f r a c t u r e  geometry, 
t h e r m a l  p h y s i c a l  p r o p e r t i e s ,  and a f l o w  
r a t e  schedule s p e c i f i e d .  Then t h e  i n e r t  
and r e a c t i v e  t r a c e r  response was e s t i m a t e d  
u s i n g  a numer ica l  f i n i t e  d i f f e r e n c e  
s o l u t i o n  t o  e q u a t i o n  ( 3 )  w r i t t e n  f o r  
1-d imensional  f l o w  w i t h  a f i x e d  P e c l e t  
number (Pe = UL/D). For  i n i t i a l  t r i a l s  a 
v a l u e  o f  50 was used f o r  Pe t o  r e p r e s e n t  an 
a p p r o p r i a t e  l e v e l  o f  d i s p e r s i o n  w i t h i n  a 
s i n g l e  f r a c t u r e .  The thermal  s i m u l a t i o n  
was used t o  s p e c i f y  va lues  o f  k s p a t i a l l y  
a long t h e  f r a c t u r e  face.  F i n a l l y  t h e  
p r e d i c t e d  o u t l e t  t r a c e r  convers ions  f o r  
i n d i v i d u a l  f r a c t u r e  were superimposed t o  
p r o v i d e  a compos i te  r e s u l t  f o r  compar ison 
w i t h  f i e l d  va lues .  

CONCLUSIONS 

A r i g o r o u s  t h e o r e t i c a l  t r e a t m e n t  o f  t h e  
b e h a v i o r  o f  c h e m i c a l l y  r e a c t i n g  t r a c e r s  has 
been presented  t o  show i t s  p o t e n t i a l  a p p l i -  
c a t i o n  t o  f r a c t u r e d  geothermal r e s e r v o i r  
a n a l y s i s .  Simp1 i f i c a t i o n s  were proposed t o  
a l l o w  f o r  mode l ing  e s t i m a t e s  i n  t h e  absence 
o f  complete f r a c t u r e  geometry, f l o *  f i e l d  
and tempera ture  f i e l d  s p e c i f i c a t i o n .  The 
most s i g n i f i c a n t  o f  t h e s e  was t h e  r e s i d e n c e  
t ime- thermal  t i m e  correspondence c r i t e r i o n .  
V e r i f i c a t i o n  o f  t h e  t h e o r e t i c a l  techn iques  
d e v e l o p e d  was e s t a b l i s h e d  f o r  a l a m i n a r  
f l o w  heat  exchanger. A t r a c t a b l e  approach 
f o r  employ ing r e a c t i v e  t r a c e r s  i n model i ng 
t h e  thermal  per formance o f  f r a c t u r e d  HDR 
geothermal systems was presented.  
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NOMENCLATURE 

A,- r e a t t i o n  p r e - e x p o n e n t i a l  f a c t o r  

C -  c o n c e n t r a t i o n  o f  p r o d u c t  o r  

( s -  1 

r e a c t a n t  ( m o l / l i t e r  o r  k g / l i t e r )  

f ( t ) - r e s i d e n c e  t i T e  d i s t r i b u t i o n  
f u n c t i o n  ( s -  ) 

F ( t ) - c u m u l a t i v e  res idence t i m e  
d i s t r i b u t i o n  f u n c t i o n  

h (  e)-therr l lal  t i m e l d i s t r i  b u t i o n  

k -  1 s t  o r d e r  r e a c t i o n  r a t e  c o n s t a n t  

f u n c t i o n  ( s  ) 

( s - l )  
- 
k -  i s o t h e r m a l  e q u i v c l e n t  r e a c t i o n  

r a t e  c o n s t a n t  ( s  ) 

k2-  2nd o r d e r  r e a c t i o n  r a t e  c o n s t a n t  
( 1  i t e r / m o l  s )  

L -  f r a c t u r e  l e n g t h  (m) 

m - mass o f  t r a c e r  i n j e c t e d  i n  a 

ro- t u b e  r a d i u s  ( m )  

R -  U n i v e r s a l  gas c o n s t a n t  = 8.314 

P p u l s e  exper iment  ( t g )  

J/mol K 

Re- Reynolds number 

P ( t ,  8 ) - b i v a r i a t e  r e s i d e n c e  
t i m e / t h e r m a l  t i m e  d i s t r i b u t i o n  
f u n c t i o n  ( s -  ) 2 

Pe- d i  s p e r s i  ona l  Pecl  e t  number 

Pi-- P r a n d t l  number 

T- Temperature ("C o r  K) 

t - t i m e  ( s )  

u-  f l u i d  v e l o c i t y  

GREEK 

T- mean r e s i d e n c e  t i m e  ( s )  

T - c h a r a c t e r i s t i c  r e a c t i o n  t i m e  = 
l / k  (5) 

n -  dummy v a r i a b l e  i n  e q u a t i o n  ( 1 5 )  

A n -  Eigenva lues  i n  Graetz  s e r i e s  

e-  thermal  t i m e  (s- ' )  
s o l u t i o n  
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