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BENCH-SCALE MODELS 

The t e s t  ob jec t i ves  and apparatus involved i n  the bench-scale models 
were presented i n  Progress Report No. 1 (Ref. 1 ) .  I n  b r i e f ,  these expe r i -  
ments were designed t o  t e s t  fundamental concepts f o r  nonisothermal b o i l i n g  
two-phase f l o w  through porous media. Th is  work i s  aimed a t  the  e n t i r e  
r e s e r v o i r ,  w h i l e  the chimney model deals most d i r e c t l y  w i t h  the we l lbore  
and near-wel l  r e s e r v o i r  cond i t i ons .  The combinat ion should be broadly  
usefu l  i n  the  new f i e l d  o f  geothermal r e s e r v o i r  engineering. 

The term "geothermal r e s e r v o i r  engineering"  i s  an adaptat ion of ' ' pe t ro-  
leum r e s e r v o i r  engineering,"  the  branch o f  engineer ing which deals w i t h  
assessment, and p lanning,  o f  optimum development o f  petroleum rese rvo i r s .  
Fo r tuna te l y ,  t he re  i s  much t h a t  i s  use fu l  f o r  geothermal engineer ing i n  t h e  
l i t e r a t u r e  o f  o i l  recovery. O i l  recovery by steam i n j e c t i o n  (Ref. 2)  and 
underground combustion (Ref. 3) present  some o f  the important features o f  
nonisothermal two phase f l o w  which appear p e r t i n e n t  t o  geothermal r e s e r v o i r s .  
I n  a d d i t i o n ,  there  i s  a cons iderab le  body o f  use fu l  data on the  p r o p e r t i e s  
o f  rocks and f l u i d s  as a f u n c t i o n  o f  temperature and pressure. 
these data a re  summarized i n  Reference 4. 
one s p e c i f i c  study o f  the  f l o w  o f  single-component (water) two-phase ( thus 
nonisothermal) f l ow  i n  porous media (Ref. 5 ) .  I n  p a r t i c u l a r ,  there  was no 
i n fo rma t ion  on the  important phenomena involved when normal ly  immobile l i q u i d  
sa tu ra t i ons  ( p r a c t i c a l  i r r e d u c i b l e  water s a t u r a t i o n )  vapor ize w i t h  pressure 
red uc t i on. 

Many o f  
P r i o r  t o  t h i s  work there  was o n l y  

The f i r s t  bench-scale models use s teady- s ta te  f l o w  experiments i n v o l v -  
ing  l i n e a r  f low ( i n  t he  a x i a l  d i r e c t i o n )  through c y l i n d r i c a l  cores. 

The L inear  Flow Model 

The l i n e a r  f l o w  model i s  descr ibed i n  Progress Report No. 1 (Ref. 1 )  
and i n  Reference 6. 
ments through cy1 i n d r i c a l  conso l ida ted  cores. Both na tu ra l  (Berea) and 
s y n t h e t i c  cement conso l ida ted  sand cores were used. A schematic diagram 
of t h e  completed apparatus i s  shown i n  F i g .  1 .  Fondu calc ium aluminate 
cement, s i l i c a  sand o f  about 100 T y l e r  mesh s i ze ,  and water were used as 
t h e  m a t e r i a l s  t o  make the s y n t h e t i c  cores. 
mold formed w i t h  a p l a s t i c  t ub ing  i n  which a g lass tub ing  fo r  a l i q u i d  
content  probe and a thermocouple tub ing  were he ld  i n  place. The l i q u i d  
s a t u r a t i o n  probe was o r i g i n a l l y  developed by Baker (Ref. 7) i n  connect ion 
w i t h  a s tudy o f  o i l  recovery by i n j e c t i o n  o f  steam. 
t h e  d i f f e rence  i n  d i e l e c t r i c  constant  between t h e  l i q u i d  water and steam 
present  i n  the pore space. 

Equipment was cons t ruc ted  t o  perform l i n e a r  f low expe r i -  

The m ix tu re  was poured i n t o  a 

The instrument uses 
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I t  was decided t o  run a se r i es  o f  bas i c  single-phase experiments p r i o r  
t o  performing the b o i l i n g  two-phase, nonisothermal f l ow  experiments. These 
inc luded:  ( 1 )  measurement o f  absolute pe rmeab i l i t y  t o  gas arid 1 i q u i d  water 
a t  a range o f  temperatures, (2) i n j e c t i o n  of ho t  water i n t o  a system conta in-  
ing  water a t  a lower temperature, (3) c o l d  water i n j e c t i o n  i n t o  a system 
conta in ing  ho t  water i n i t i a l l y ,  and (4) i n j e c t i o n  o f  steam i n t o  a system 
con ta in ing  l i q u i d  water a t  a lower temperature. Deta i led  r e s u l t s  a r e  
presented i n  Ref. 6. 

As an example, F igure  2 presents temperature versus dis,tance a long the  
core f o r  i n j e c t i o n  o f  ho t  water i n t o  a core i n i t i a l l y  a t  room temperature. 
Much usefu l  in fo rmat ion  can be ex t rac ted  from data such as a re  shown i n  
F i g .  2 .  Basic in fo rmat ion  on single-phase nonisothermal f low, e f f e c t i v e  
thermal c o n d u c t i v i t i e s  i n  the d i r e c t i o n  o f  f low, and heat loss r a d i a l l y  
from the  core may be found. I n  regard t o  r a d i a l  heat loss, two determina- 
t i o n s  can be o f  i n t e r e s t :  ( 1 )  the  thermal e f f i c i e n c y  o f  the i n j e c t i o n ,  and 
(2) t he  o v e r a l l  heat t r a n s f e r  c o e f f i c i e n t  f o r  the core w i t h i n  the  s leeve 
t o  the surroundings. 
c e s s f u l l y .  
i s  i n j e c t e d  i n t o  a c o l d  porous medium can be seen i n  F igure 2;. The computed 
r e s u l t s  compare r a t h e r  w e l l  w i t h  t he  experimental resu l t s ;  however, improved 
mathematical modeling can improve the computed match o f  these data. 

Both types o f  eva lua t i on  have a l ready been made suc- 
An example o f  the  heat ing  t rans ien ts  t h a t  occur when hot  f l u i d  

An a d d i t i o n a l  p r e l i m i n a r y  se r i es  o f  experiments was run t o  determine 
the  in- p lace  b o i l i n g  c h a r a c t e r i s t i c s  o f  a f l ow ing  system. F igure  4 shows 
a p a r t i c u l a r l y  i n t e r e s t i n g  experiment wherein the  o r i g i n a l  f l u i d  i n  p lace  
was ho t  water a t  h igh  pressure. Not ice  t h a t  cooler  water was i n j e c t e d  a t  
one end, causing a temperature t r a n s i e n t  w i t h  time, w h i l e  a t  the o the r  end, 
a two-phase b o i l i n g  zone was se t  up which remained a t  a f ixed! temperature 
w i t h  t ime. Fur ther  ana l ys i s  o f  these data and o ther  s i m i l a r  data w i l l  be 
forthcoming dur ing  t h i s  next  year.  

Permeab i l i t y  Measurements 

Recent work on t h e  e f f e c t  o f  temperature on r e l a t i v e  pe rmeab i l i t y  
suggested t h a t  abso lu te  pe rmeab i l i t y  was a l s o  a temperature dependent 
p roper ty  o f  rocks. 
under cond i t ions  o f  e leva ted  temperature and overburden pressure (Ref. 8) .  
Several f l u i d s  were used t o  make these measurements, namely, d i s t i l l e d  
water, w h i t e  minera l  o i l ,  n i t r ogen ,  and helium. 

Equipment was designed t o  measure abso lu te  pe rmeab i l i t y  

Several conclus ions can be drawn from the  r e s u l t s .  F i r s t ,  t he  tempera- 
t u r e  e f f ec t  on pe rmeab i l i t y  depends on the  na ture  o f  the s a t u r a t i n g  f l u i d .  
I n  the  case o f  water- saturated cores, pe rmeab i l i t y  decreased w i t h  inc reas ing  
temperature f o r  a l l  t h e  samples s tud ied .  
pe rmeab i l i t y  reduct ions o f  up t o  65% were observed. 

Over a temperature span o f  70-32SoF, 
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For o i l - s a t u r a t e d  samples, a s l i g h t  increase i n  pe rmeab i l i t y  was 
observed w i t h  inc reas ing  temperature i n  the  low temperature range, fo l lowed 
by a decrease. However, t h i s  thermal s e n s i t i v i t y  ba re l y  exceeded the  range 
of experimental  e r r o r .  

On t h e  o t h e r  hand, abso lu te  pe rmeab i l i t y  t o  gas was found t o  be inde-  
pendent of temperature. S l i p  phenomena a re  a f f ec ted  by temperature, and 
a l i n e a r  r e l a t i o n s h i p  between t h e  Kl inkenberg s l i p  f a c t o r  and temperature 
was found and expla ined by ana l ys i s  o f  theory. Also, i n e r t i a l  ( ' I turbulence") 
f ac to rs  were determined and found t o  be independent of , temperature.  

One o f  the o b j e c t i v e s  o f  t h i s  work had been t o  s imul taneously  measure 
I t  the  e f f e c t  of thermal s t resses  and mechanical s t resses on pe rmeab i l i t y .  

was found t h a t  regard less o f  the na ture  o f  the  s a t u r a t i n g  f l u i d ,  t he  l e v e l  
of con f i n ing  pressure a f f e c t e d  p e r m e a b i l i t y  i n  the  same manner, t h a t  i s ,  
pe rmeab i l i t y  decreased w i t h  inc reas ing  c o n f i n i n g  pressure. For the  the rma l l y  
s e n s i t i v e ,  water- saturated cores, inc reas ing  t h e  con f i n ing  pressure had t h e  
a d d i t i o n a l  e f f e c t  of  i n t e n s i f y i n g  the  temperature dependence. Th is  pressure- 
temperature i n t e r a c t i o n  i s  shown t o  a marked degree i n  F igure  5. 

I n  the l i g h t  o f  the r e s u l t s  obta ined,  i t  appears t h a t  the temperature 
e f f e c t  was no t  caused by changes in t h e  phys ica l  p rope r t i es  o f  the f l u i d s ,  
such as v i s c o s i t y  o r  dens i ty ,  because f l u i d s  w i t h  such a l a rge  v i s c o s i t y  
and dens i t y  c o n t r a s t  as o i l  and gas e s s e n t i a l l y  y i e l d e d  the  same r e s u l t s ;  
nor  was the  temperature e f f e c t  caused by thermal ly  induced mechanical 
s t resses  a c t i n g  alone, as no s i g n i f i c a n t  pe rmeab i l i t y  changes were found 
fo r  o i l  o r  gas f low. Instead, t he  unique r e s u l t s  obta ined f o r  water f l o w  
suggest t h a t  a combination o f  r o c k - f l u i d  i n t e r a c t i o n ,  thermal s t resses and 
mechanical s t resses was respons ib le  f o r  the permeabi 1 i t y  reduct ions observed, 
the  dominant f a c t o r  being the sur face  e f f e c t .  

Geothermal Reservoir  Physica l  Model 
- 

Whi t ing and Ramey (Ref. 9) presented the a p p l i c a t i o n  o f  energy and 
m a t e r i a l  balances t o  geothermal r e s e r v o i r s .  A1 though appl i e d  t o  a f i e l d  
case w i t h  success, l a t e r  a p p l i c a t i o n s  i nd i ca ted  a need f o r  mod i f i ca t i on  
(see Refs. 10, 11, and 12). The need f o r  ac tua l  data t o  t e s t  conceptual 
models has been apparent f o r  some t ime (Ref. 13). Previous works concerned 
unconsol idated sand models, a l though a study by Strobe1 d i d  inc lude a 
conso l ida ted  sand. 
of a s i n g l e  consol idated sandstone geothermal r e s e r v o i r  model. Th is  work 
has been repeated w i t h  bo th  n a t u r a l  and s y n t h e t i c  sandstone cores w i t h  more 
complete inst rumentat ion.  These data a r e  no t  o n l y  important f o r  the  de te r -  
m ina t i on  o f  proper m a t e r i a l  and energy balance procedures f o r  g r a v i t y -  
dominated geothermal systems, bu t  they are  a l s o  o f  g rea t  he lp  i n  determin ing 
the  vapor pressure changes t h a t  occur  as the  in- p lace  l i q u i d  evaporates and 
the  l i q u i d  in te r faces  become h i g h l y  curved. 
lower ing can be seen i n  F igure  6 (Ref. 14) .  

S t r o b e l ' s  s tudy concerned c y c l i c  product ion and reheat ing  

An example of vapor pressure 
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MATHEMATICAL MODEL 

Advances have been made in the modeling of geothermal fluids production 
in four main directions. The first direction is a general view of the many 
complex thermal, fluid dynamic, and other physical processes. The second 
is the formulation of a mathematical description of a simplified system to 
obtain a solution describing the behavior of this system. 
matching the bench-scale experimental results to simulate the boiling flow 
of steam and water at elevated temperatures. 
o f  one simulation o f  a bench-scale geothermal reservoir model experiment. 
Figure 7a presents the computed pressure history, while Fig. 7b presents the 
computed liquid content of the system. Although not shown, the temperature 
history of the system was also computed. 
model continues. 

The third i s  

Figure 7 presents the results 

Development of a more sophisticated 

The fourth major direction of mathematical development 
a graphical-analytical approach to solution of the heat-mass 
The method o f  characteristics is a well-known solution techn 
appears to be applicable to this problem. An analogy may be 
this and the classic problem of water or gas displacing oil 

is aimed toward 
flow problem. 
que wh i c h  
drawn between 
n petroleum 

reservoir engineering (i .e., the Buckley Leverett equations amd. the Welge 
equations). Solutions to these displacements are simple graphical construc- 
tions. It appears likely that similar techniques may be usedl in the fluid- 
heat flow system, and work will be continuing on this concept during the 
coming year. 

CONCLUDING REMARKS 

During 1975 the main components of the projects in the Stanford Geo- 
thermal Program were completed and initial runs performed successfully. 
Augmentation of system instrumentation, completion of improvements in design, 
and collection o f  experimental data are well under way. It is encouraging 
that many of the experimental results have been found amenable to theoretical 
analysis, thus the systems behave reproducibly and logically. 

As in any research program, ideas for new experimental techniques 
and new methods of data evaluation have developed as the program proceeds. 
These new ideas also are being actively pursued. 
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