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T h i s  paper p resents  a s tudy o f  heat t r a n s f e r  phenomena i n  bench- 
s c a l e  exper iments o f  heat  and mass f l o w  i n  porous media (A tk inson,  1976). 
The i n t e n t  o f  t h i s  work was t o  determine which heat t r a n s f e r  mechanisms 
a r e  impor tant  i n  t h e  bench-scale exper iments be ing  c a r r i e d  o u t  i n  t h e  
S t a n f o r d  Geothermal Program. The i n i t i a l  a n a l y s i s  considered t h e  
r e l a t i v e l y  s imp le  case o f  nonisothermal s ing le-phase l i q u i d  f l o w .  
However, t h e  r e s u l t s  can be a p p l i e d  t o  bench-scale exper iments i n v o l v i n g  
b o i l i n g  water  o r  b r i n e  f l o w  (such exper iments have been descr ibed by 
Chen, 1976). 

Mathematical  Model ing 

A s e r i e s  o f  s i m p l i f i e d  mathematical  models o f  heat  and mass t r a n s p o r t  
i n  f i n e - g r a i n e d  porous media were developed. The b a s i s  f o r  t h e  models was 
a p h y s i c a l  system which c o n s i s t e d  o f  c y l i n d r i c a l  conso l ida ted /sands tone 
cores mounted i n  a Hass le r - type  c o r e h o l d e r .  The coreho lder  system was 
p laced i n s i d e  a u n i f o r m  temperature a i r b a t h .  Hot o r  c o l d  l i q u i d  water  was 
i n j e c t e d  i n t o  t h e  core,  and temperature d i s t r i b u t i o n s  w i t h i n  i t  were 
measured as f u n c t i o n s  o f  t ime.  These exper imenta l  r e s u l t s  were r e p o r t e d  
by A r i h a r a  (1974). 

The A r i h a r a  da ta  were analyzed w i t h  new, s imp le  models. Such 
models can be used t o  g a i n  i n s i g h t  i n t o  t h e  p h y s i c a l  system because they  
d i s p l a y  t h e  i n t e r a c t i o n  o f  t h e  v a r i o u s  assumed heat t r a n s f e r  mechanisms. 
Furthermore, s i n c e  they  c o n t a i n  fewer unknown o r  u n c e r t a i n  parameters, 
t h e  comparison o f  t h e  models w i t h  exper imenta l  r e s u l t s  i s  e a s i e r  than 
w i t h  more compl ica ted  models. 

Four mathematical  models have been developed. A l l  o f  t h e  models 
account f o r  c o n v e c t i v e  energy t r a n s f e r ,  heat  losses f rom t h e  core ,  and 
thermal energy s torage.  However, each one inc ludes  d i f f e r e n t  assumptions 
about heat  conduct ion  a long t h e  a x i s  o f  t h e  system, and about t h e  n a t u r e  
o f  heat  losses f rom t h e  core.  Easch o f  t h e  models was s t u d i e d  and 
compared w i t h  b o t h  o f  t h e  o t h e r  models and w i t h  t h e  exper imenta l  da ta  
o f  A r i h a r a .  The development o f  a n a l y t i c a l  s o l u t i o n s  f o r  t h e  models 
s i m p l i f i e d  comparisons. None o f  t h e  mathematical  models c o u l d  match 
observed exper imenta l  behav io r  a c c u r a t e l y  f o r  t h e  e n t i r e  t i m e  o f  t h e  
exper iments.  However, each model d i d  e x h i b i t  behavior  which was impor tan t  
d u r i n g  some stage o f  t h e  exper iments,  and as a group these models were 
a b l e  t o  i s o l a t e  t h e  impor tan t  heat  t r a n s f e r  mechanisms i n  t h e  A r i h a r a  
exper iments.  These t h e o r e t i c a l  r e s u l t s  a r e  d iscussed i n  t h e  nex t  
sec t  ion .  
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Resu l ts  

I t  was determined t h a t  longt ime,  s teady -s ta te  temperature behav io r  
i n  t h e  c o r e  was dominated by convec t ion  energy t r a n s f e r  i n  c o n j u n c t i o n  
w i t h  s teady heat  losses  f rom t h e  s ides  o f  t h e  core.  T h i s  should cause 
t h e  s teady -s ta te  temperature p r o f i l e s  t o  be semi- log s t r a i g h t  l i n e s ,  
as can be seen t o  be t h e  case i n  F i g .  1 .  The s lopes o f  t he  semi- log 
s t r a i g h t  l i n e s  have n e g a t i v e  va lues  of  hP/(2.303 wCw) on log10 graph 
paper, where h i s  t h e  o v e r a l l  heat  l oss  c o e f f i c i e n t  from t h e  core ,  P 
i s  t he  pe r ime te r  o f  t h e  core ,  w i s  t h e  mass f l o w r a t e  th rough t h e  core ,  
and Cw i s  t h e  s p e c i f i c  heat  o f  t he  f l o w i n g  l i q u i d .  The one exper iment  
which d i d  n o t  graph as a s t r a i g h t  l i n e  i n  t h i s  f i g u r e  had n o t  reached 
s teady -s ta te .  

Dur ing  the  e a r l y  stages o f  ho t  o r  c o l d  l i q u i d  i n j e c t i o n ,  an e f f e c t i v e  
a x i a l  thermal conduct ion  mechanism was found t o  a f f e c t  t h e  temperature 
p r o f i l e s  s t r o n g l y .  T h i s  e f f e c t  was no t  reduced a t  h ighe r  mass i n j e c t i o n  
r a t e s ,  because o f  t h e  increased e f f e c t  o f  m ix ing  and d i s p e r s i o n  mechanisms 
w i t h  i nc reas ing  i n j e c t i o n  r a t e .  

E a r l y -  and medium-time stages o f  h o t  or c o l d  l i q u i d  i n j e c t i o n  were 
found t o  be a f f e c t e d  s t r o n g l y  by t r a n s i e n t  heat  losses th rough t h e  core-  
ho lde r  system. These t r a n s i e n t s  were caused p r i m a r i l y  by t h e  thermal 
c a p a c i t y  o f  t h e  v i t o n  s leeve which surrounded the  core .  I t  was a l s o  
found t h a t  t h e  t r a n s i e n t s  were c o n t r o l l e d  by a f lowrate-dependent  f i l m  
c o e f f i c i e n t  between t h e  c o r e  and coreho lder  s leeve.  

The f u n c t i o n a l  dependence between the  core-coreho lder  f i l m  c o e f f i c i e n t  
and t h e  mass i n j e c t i o n  r a t e  was es t imated by comparing c a l c u l a t e d  
temperatures w i t h  those repo r ted  by A r i h a r a .  The r e s u l t s  o f  these 
comparisons a r e  presented i n  F i g .  2 .  Th i s  f i g u r e  a l s o  presents  t h e  r e s u l t s  
o f  C r i ch low  (1972), de r i ved  from experiments on an unconso l ida ted  sandpack, 
and those o f  Colburn ( 1 9 3 1 ) ,  whose sma l les t  p a r t i c l e s  were 1/8 i n .  
g ranu les .  F i g u r e  2 suggests an i n t e r e s t i n g  t rend  i n  the  da ta ,  p a r t i c u l a r l y  
s ince  A r i h a r a ' s  exper iments were c a r r i e d  o u t  on conso l i da ted  porous media 
w i t h  e f f e c t i v e  p a r t i c l e  s i zes  o f  as  much as t e n  t imes sma l le r  than those 
o f  Cr ich low.  E x p e r i m e n t a l  i n v e s t i g a t i o n  o f  t h i s  f u n c t i o n a l  dependence i s  
c o n t i n u i n g .  

A C r i t i q u e  o f  Prev ious  Modeling o f  A r i h a r a ' s  L i q u i d  I . n jec t i on  Experiments 

The s i n g l e -  and two-phase nonisothermal  f l u i d  f l o w  exper iments o f  
A r i h a r a  have been used by va r ious  au thors  (Garg, -- e t  a l . ,  1975; Faust and 
Mercer, 1976; Thomas and P ierson,  1976) as a bas i s  f o r  check ing 
s o p h i s t i c a t e d  computer model r e s u l t s .  

None o f  these computer models i nco rpo ra ted  t h e  phenomenon o f  t r a n s i e n t  
heat  losses through t h e  coreho lder .  

For example, Garg, e t  a l . ,  presented c a l c u l a t i o n s  f o r  t h e  C W I - S - 4  
experiment o f  A r i h a r a ,  and compared computed and measured temperatures.  
T h e i r  model cou ld  handle o n l y  steady heat  losses  th rough the  coreho lder  
system. T h e i r  comparison appeared p l a u s i b l e  f o r  t h e  l i m i t e d  range o f  t ime  
presented.  However, a n a l y s i s  o f  t h e  s teady -s ta te  p r o f i l e  f o r  t h i s  experiment 
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(See F i g .  1) i n d i c a t e s  an o v e r a l l  heat  l o s s  c o e f f i c i e n t  f rom t h e  c o r e  o f  
1.98 Btu /  h r  f t2 O F )  w h i l e  Garg, -- e t  a l . ,  used an e f f e c t i v e  va lue  o f  4.2 
B tu /h r  ft '  O F ) .  T h i s  h ighe r  heat  l o s s  c o e f f i c i e n t  caused t h e  appearance 
o f  h ighe r  c a l c u l a t e d  heat  losses  f rom the  c o r e  d u r i n g  t h e  e a r l y  stages 
o f  t h e  exper iment .  T h i s  c a l c u l a t e d  behav io r  i s  c o n s i s t e n t  w i t h  t h e  observed 
e a r l y - t i m e  behav io r  o f  t h e  exper iments.  A t  longer  t imes,  however, t h e  
exper iments showed a lower heat  loss r a t e .  I f  Garg, -- e t  a ] . ,  had presented 
c a l c u l a t e d  temperatures f o r  t imes g r e a t e r  than 45 minutes,  these va lues  
would have been c l o s e  t o  t h e  va lues  presented f o r  45 minutes.  Thus, 
t h e i r  model would have reached s teady -s ta te  f o r  the  g i v e n  p h y s i c a l  
parameters. F i g .  3 shows t h a t  t h e  temperatures i n  t h e  co re  a c t u a l l y  
con t inued t o  change f o r  105 minutes.  

I t  can thus  be seen t h a t  ca re  must be taken i f  one wishes t o  avo id  
a s i t u a t i o n  where a mathematical model i s  c a l i b r a t e d  a g a i n s t  exper imenta l  
r e s u l t s  u s i n g  i n c o r r e c t  va lues  f o r  some phys i ca l  parameters. I t  i s  
impor tan t  t h a t  a l l  o f  t h e  r e l e v a n t  phys ics  be d iscovered and inco rpo ra ted  
i n t o  t h e  mathematical model b e f o r e  do ing  such a c a l i b r a t i o n .  

Summarv 

T h i s  paper has d iscussed an a n a l y s i s  o f  t h e  heat  t r a n s f e r  phenomena 
i n  the bench-scale exper iments be ing  c a r r i e d  out  i n  t h e  S t a n f o r d  Geothermal 
Program. The b a s i s  o f  t h i s  a n a l y s i s  was a s e r i e s  o f  s i m p l i f i e d  
mathemat ica l  models o f  heat  and mass t r a n s p o r t  i n  f i ne -g ra ined  porous 
media. The a n a l y s i s  determined t h a t  t h e  thermal c a p a c i t y  o f  t h e  coreho lder  
system caused heat  losses  from t h e  co re  which were n o t  s teady a t  e a r l y  
and medium t imes.  T h i s  phenomenon had n o t  been recognized p r e v i o u s l y .  
T h i s  was i n  s p i t e  o f  t h e  f a c t  t h a t  v a r i o u s  au thors  p r e v i o u s l y  had at tempted 
t o  match t h e  exper imenta l  behav io r  under d i s c u s s i o n  w i t h  t h e i r  
s o p h i s t i c a t e d  computer models. These computer models d i d  n o t  account f o r  
t h e  t r a n s i e n t  n a t u r e  o f  t h e  heat  losses  f rom t h e  core .  
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