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INTRODUCTION 

The S tanford  U n i v e r s i t y  r e s e a r c h  program on t h e  s t u d y  of s t i m u l a t i o n  and 

r e s e r v o i r  e n g i n e e r i n g  of geothermal r e s o u r c e s  s t a r t e d  i n  September, 1 9 7 2 ,  as 

an i n t e r d i s c i p l i n a r y  program. The broad o b j e c t i v e s  of t h i s  program i n c l u d e :  

(1) t h e  development of exper imental  d a t a  and computat ional  procedures  

t o  e v a l u a t e  t h e  optimum performance of f r a c t u r e- s t i m u l a t e d  geothermal r e s e r v o i r s ;  

( 2 )  t h e  development of p h y s i c a l  and mathemat ical  geothermal r e s e r v o i r  

models t o  e v a l u a t e  impor tan t  thermophysical ,  hydrodynamic, and chemical  parameters  

based on fluid- energy-volume b a l a n c e s  as p a r t  of r e s e r v o i r  e n g i n e e r i n g  p r a c t i c e ;  

and 

( 3 )  t h e  c o n s t r u c t i o n  of a l a b o r a t o r y  model of a n  explosion-produced 

chimney t o  o b t a i n  exper imenta l  d a t a  on t h e  p r o c e s s e s  o f  in- place  b o i l i n g ,  moving 

f l a s h  f r o n t s ,  and two-phase flow i n  porous and f r a c t u r e d  hydrothermal r e s e r v o i r s .  

The p r o j e c t  w a s  i n i t i a t e d  as a j o i n t  program between t h e  C i v i l  Engineer ing 

Department of t h e  School o f  Engineer ing and t h e  Petroleum Engineer ing Department 

of t h e  School o f  Ear th  Sciences .  S t a r t i n g  d u r i n g  t h e  second y e a r  o f  t h e  program, 

a s s i s t a n c e  w a s  provided by t h e  Mechanical Engineer ing Department of t h e  School of  

Engineer ing,  and dur ing  t h e  c u r r e n t  y e a r ,  by t h e  Department of Geology, School o f  

Ear th  Sc iences .  

r e p o r t  are: 

Personnel  who have c o n t r i b u t e d  t o  t h e  p r e p a r a t i o n  of t h i s  p r o g r e s s  

P r o f .  Henry J. Ramey, Jr . ,  Petroleum Engr. Dept. ,  Co- Principal  I n v e s t i g a t o r  

Prof .  A. Louis  London, Mechanical Engr. Dept. ,  Co-Principal  I n v e s t i g a t o r  

P r o f .  W i l l i a m  E. Brigham, Petroleum Engr. Dept. ,  F a c u l t y  A s s o c i a t e  

Prof .  James 0. Leckie ,  Civil  Engr. Dept.,  Facu l ty  Assoc ia te  

D r .  Norio Ar ihara ,  Petroleum Engr. Dept. ,  P o s t d o c t o r a l  Fellow 

M r .  Paul  Atkinson,  Petroleum Engr. Dept.,  Research A s s i s t a n t  

M r .  F r a n c i s  J. Casse, Petroleum Engr. Dept. ,  Research A s s i s t a n t  

M r .  Hsiu-Kuo Chen, Petroleum Engr. Dept. ,  Research A s s i s t a n t  



M r .  Stephen D.  Chicoine ,  Petroleum Engr. Dept. ,  Research A s s i s t a n t  

M r .  Roger P. Denl inger ,  Geophysics Dept. ,  Research A s s i s t a n t  

M r .  A n s t e i n  Hunsbedt, C i v i l  Engr. Dept. ,  Research A s s i s t a n t  

M r .  James A. Liburdy,  C i v i l  Engr. Dept. ,  Research A s s i s t a n t  

M r .  M. C.  Tom Kuo, Civi l  Engr. Dept. ,  Research A s s i s t a n t  

M r .  Alan K. S toker ,  C iv i l  Engr. Dept . ,  Research A s s i s t a n t  

M r .  Alvaro Umana, Civi l  Engr. Dept.,  Research A s s i s t a n t  

I n  a d d i t i o n  t o  t h e  preceding personne l ,  M r .  Jon G r i m  j o i n e d  t h e  s t a f f  

dur ing  t h e  y e a r  as a Technician-Research A s s i s t a n t .  

c o n t r i b u t i o n s  t o  t h e  exper imental  phases  of t h e  program. F i n a l l y ,  P rof .  Pau l  

Kruger took leave from t h e  U n i v e r s i t y  i n  June ,  1974 t o  j o i n  t h e  Na t iona l  Science 

Foundation RANN geothermal s t a f f .  P r o f .  London r e p l a c e d  him as Co- Principal  

I n v e s t i g a t o r  f o r  t h e  c u r r e n t  pe r iod .  P r o f .  Frank W. Dickson, A s s o c i a t e  Chair-  

man, Geology Department, d i r e c t e d  chimney model moni to r ing ,  and P r o f .  George 

A .  Parks ,  Dept. of Applied Ear th  Sciences ,  a s s i s t e d  i n  o t h e r  areas. 

H e  has  made many v a l u a b l e  

Rapid developments occur red  i n  a l l  p r o j e c t s  i n  t h e  program d u r i n g  t h e  

A p r o j e c t  review p r e s e n t a t i o n  w a s  h e l d  d u r i n g  May, c u r r e n t  annual  p e r i o d .  

1975, i n  con junc t ion  w i t h  t h e  2nd Uni ted Nat ions  Geothermal Symposium i n  

San Franc i sco .  The p r o j e c t  review inc luded  p a r t i c i p a n t s  from i n d u s t r y ,  

u n i v e r s i t y ,  and government agenc ies  i n  keeping w i t h  t h e  o b j e c t i v e s  of t h e  

RA” Program of t h e  Na t iona l  Science Foundation.  Many of t h e  r e s u l t s  g i v e n  

i n  t h i s  r e p o r t  were d e s c r i b e d  a t  t h e  P r o j e c t  Review P r e s e n t a t i o n .  

Because of r a p i d  developments i n  mature  p r o j e c t s ,  a number of  p u b l i c a t i o n s  

were r e l e a s e d  t h i s  y e a r .  

were i s s u e d  (SGP-TR-2 through 7)  and wide ly  d i s t r i b u t e d ;  t h r e e  program papers  

were presen ted  a t  t h e  Uni ted Nations Geothermal Symposium; one program paper 

w a s  p resen ted  a t  t h e  C a l i f o r n i a  Regional Meeting o f  t h e  Soc ie ty  o f  Petroleum 

Six  S tanford  Geothermal Program Technical  Reports  
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Engineers  i n  A p r i l ,  1975, and accepted f o r  p u b l i c a t i o n ;  and two a d d i t i o n a l  

papers  on t r a n s i e n t  p r e s s u r e  a n a l y s i s  f o r  geothermal wells  were presen ted  a t  

t h e  UN Geothermal Symposium by Scanford Geothermal Program personne l .  Refer-  

ences f o r  a l l  Program Reports  and p u b l i c a t i o n s  are g iven  i n  t h i s  r e p o r t .  

Although p r e s s u r e  t r a n s i e n t  a n a l y s i s  h a s  n o t  been a p a r t  of t h e  Program, 

s e v e r a l  of t h e  s t a f f  have b o t h  fundamental  and p r a c t i c a l  knowledge of such 

a p p l i c a t i o n s  t o  geothermal r e s e r v o i r s .  Th i s  and o t h e r  a s p e c t s  of a p p l i e d  

geothermal r e s e r v o i r  eng ineer ing  have l e d  t o  numerous communications w i t h  

geothermal pe rsonne l  of o t h e r  c o u n t r i e s  i n t e r e s t e d  i n  b i- n a t i o n a l  r e s e a r c h  

p r o j e c t s  t o  b e  admin i s te red  by t h e  Na t iona l  Science Foundation.  One such 

s tudy  is  i n  advanced s t a g e s  of p r e p a r a t i o n .  The I t a l i a n  agency, ENEL, which 

produces geothermal steam a t  L a r d e r e l l o  s e n t  two V i s i t i n g  Scho la r s ,  D r .  G .  

Mane t t i  and Engr. A. Barell i ,  t o  S tanford  d u r i n g  A p r i l  and May, 1975, f o r  

s p e c i a l  t r a i n i n g  i n  p r e s s u r e  t r a n s i e n t  a n a l y s i s  and p lann ing  e x e r c i s e s  w i t h  

t h e  S tanford  S t a f f .  

r e s e a r c h  of fundamental  importance t o  geothermal r e s e r v o i r  eng ineer ing .  

Other  meet ings  and communications were h e l d  t o  p l a n  j o i n t  

During t h e  c u r r e n t  annual  p e r i o d ,  t h e  i n i t i a l  r e s e a r c h  o b j e c t i v e s  of t h e  

geothermal chimney model were completed. Also completed were a s t u d y  of 

t h e  e f f e c t  of t empera tu re  l eve l  on s ing le- phase  f low c h a r a c t e r i s t i c s  ( t o  g a s ,  

l i q u i d  w a t e r ,  and minera l  o i l )  o f  porous media; c o n s t r u c t i o n  and t e s t i n g  o f  

a b a t c h  p h y s i c a l  geothermal model f o r  c a p i l l a r y- p r e s s u r e  e f f e c t  s t u d i e s ;  

c a l i b r a t i o n  o f  a d i e l e c t r i c  c o n s t a n t  l i q u i d  c o n t e n t  probe;  an a n a l y s i s  

of l i q u i d  c o n t e n t  d e t e c t i o n ;  a s t u d y  of h e a t  and mass t r a n s p o r t  w i t h i n  t h e  

pores  o f  s i n g l e  p a r t i c l e s ,  and a p r e l i m i n a r y  s t u d y  o f  t h e  thermal p r o p e r t i e s  

of f r a c t u r e d  porous media. During t h e  r e p o r t i n g  p e r i o d ,  work cont inued act ively 

on development of mathemat ical  models f o r  t h e  s p e c i f i c  geothermal exper iments  

w i t h i n  t h e  program, development of new models of g e n e r a l  and fundamental  

u t i l i t y ,  f i e l d  sampling f o r  radon,  and bench- scale  f low exper iments .  

-3- 



During t h e  y e a r ,  added emphasis w a s  p laced  on chemical ,  geochemical ,  and 

environmental  a s p e c t s  of t h e  l a b o r a t o r y  exper iments  and p o t e n t i a l  f i e l d  a p p l i -  

c a t i o n s .  D e p o s i t i o n  of s o l i d s  ( d i s s o l v e d  from t h e  porous media) i n  p o r t i o n s  

of t h e  a p p a r a t u s  was observed and was a s o u r c e  of t r o u b l e  f rom t i m e  t o  t i m e .  

Chemical moni tor ing of t h e  chimney model was i n s t i t u t e d ,  and s p e c i a l  a n a l y s e s  

of d e p o s i t s  from bench- scale models were made. 

-4- 



THE CHIMNEY MODEL 

The exper imenta l  e f f o r t s  have been d i r e c t e d  towards t h e  s t u d y  

of h i g h l y  f r a c t u r e d  rock lwate r  sys tems.  

f r a c t u r e d  r e g i o n  (chimney) i s  c r e a t e d  a r t i f i c i a l l y  us ing  proposed st imu-  

l a t i o n  t echn iques  such as h y d r a u l i c ,  t h e r m a l- s t r e s s ,  o r  e x p l o s i v e  f r a c t u r -  

ing .  

It i s  v i s u a l i z e d  t h a t  t h e  h i g h l y  

S i n c e  t h e  s t u d y  of energy e x t r a c t i o n  from f r a c t u r e d  rock  is  a major 

o b j e c t i v e ,  f l u i d  recharge  w a s  l i m i t e d  so  t h a t  t h e  energy a d d i t i o n  by f l u i d  

recharge  w a s  g e n e r a l l y  less t h a n  energy e x t r a c t i o n  from t h e  rock media. 

P a r t  of t h e  program c o n s i s t e d  o f  t h e  d e s i g n  and c o n s t r u c t i o n  of a l a b o r a-  

t o r y  s i z e  model of a s t i m u l a t e d  geothermal r e s e r v o i r  ( t h e  chimney model) .  

This  p r o j e c t  w a s  i n i t i a t e d  dur ing  t h e  l a t t e r  p a r t  o f  1972, and i n i t i a l  

r e s u l t s  were ob ta ined  i n  A p r i l ,  1974. The d e s i g n ,  c o n s t r u c t i o n ,  and i n i -  

t i a l  checkout o f  t h e  model h a s  been d e s c r i b e d  p r e v i o u s l y  (Kruger and Ramey, 

1973; and Kruger and Ramey, 1974) .  

A series of exper iments  w i t h  a rock  l o a d i n g  c o n s i s t i n g  of approx- 

Pre l iminary  imate ly  one inch  e q u i v a l e n t  d iamete r  rocks  h a s  been completed. 

r e s u l t s  on t h e  f i r s t  n i n e  exper iments  have been  r e p o r t e d  p r e v i o u s l y  (Hunsbedt, 

a u g e r ,  and London, 1975).  Experiments w i t h  a second rock  load ing  having 

l a r g e r  e q u i v a l e n t  d iamete r  rocks  and lower r o c k  b u l k  p o r o s i t y  have a l s o  

been completed. 

(Hunsbedt, Kruger, and London, 1975) .  

A few r e s u l t s  on t h e s e  experiments were presen ted  earl ier  

E f f o r t s  t o  model a n a l y t i c a l l y  and p r e d i c t  t h e  observed t r a n s i e n t  

behavior  o f  t h e  chimney model have been proceeding i n  p a r a l l e l  w i t h  t h e  

exper imental  e f f o r t s , a n d  s u b s t a n t i a l  p r o g r e s s  h a s  been achieved.  

l i g h t s  of  t h e  exper imental  and a n a l y t i c  e f f o r t s  fo l low.  

Some high-  

-5- 



EXPERIMENTAL EFFORTS 

Tests have been r u n  w i t h  two d i f f e r e n t  rock l o a d i n g s .  The f i r s t  

which had passed through a 1-112 i n c h  (3.8 cm) 
* 

c o n s i s t e d  of a gabbro r o c k  

square  mesh. 

c o n s i d e r a b l y  l a r g e r  s i z e s  than  t h a t  of t h e  f i r s t  rock  l o a d i n g  ( l a r g e s t  

rock  w a s  38.2 l b ( 1 7 . 3  k g ) ) .  

The second rock  l o a d i n g  c o n s i s t e d  of a t r u e  g r a n i t e  rock  of 

To o b t a i n  in format ion  on  t h e  thermal  behav ior  of  t h e  r o c k s  f o r  

e x t r a p o l a t i o n  t o  real  sys tems,  i t  i s  necessa ry  t o  c h a r a c t e r i z e  t h e  rocks  

used i n  t h e  exper iments .  The r o c k  s i z e  d i s t r i b u t i o n s  were o b t a i n e d  by 

measur ing t h e  m a s s  and t h e  t h r e e  o r thogona l  a x e s  ( l e n g t h ,  b r e a d t h ,  and 

t h i c k n e s s )  of i n d i v i d u a l  rocks  i n  random samples.  

s t a t i s t i c a l l y  t o  o b t a i n  t h e  mean v a l u e s  and t h e i r  s t a n d a r d  d e v i a t i o n s .  

These d a t a  were t r e a t e d  

A d d i t i o n a l l y ,  t h e  d a t a  were used t o  compute o t h e r  parameters  such as t h e  

e q u i v a l e n t  d i a m e t e r ,  d ,  t h e  shape f a c t o r s  b r e a d t h l l e n g t h  r a t i o ,  b l a ,  t h e  

t h i c k n e s s / l e n g t h  r a t i o  , c l a y  t h e  roundness parameter  , $, and s u r f a c e  area/ 

volume r a t i o ,  A/V.  

To e x t r a p o l a t e  t h e  behav ior  o f  t h e  l a b o r a t o r y  model r e s e r v o i r  

t o  real s t i m u l a t e d  r e s e r v o i r s  i t  i s  a l s o  necessa ry  t o  know t h e  r o c k  l o a d i n g  

b u l k  pa ramete r s ,  p a r t i c u l a r l y  t h e  p o r o s i t y .  

t h e  two rock  l o a d i n g s  were determined by f i l l i n g  t h e  chimney v o i d  w i t h  

water and measuring mass of water d r a i n e d .  

mean s o l i d  d e n s i t i e s  of t h e  rock  were a l s o  determined.  

of bo th  rock  l o a d i n g s  were v e r y  l a r g e  (no resistance t o  f l o w ) .  

The d r a i n a g e  p o r o s i t i e s  f o r  

From t h e s e  measurements t h e  

The p e r m e a b i l i t i e s  

T h e ' i n t r i n-  

s i c  p o r o s i t y  of t h e  rocks  i s  cons idered  very  s m a l l  compared t o  t h e  d r a i n a g e  

p o r o s i t y ,  b u t  no measurements were made. 

are summarized i n  Table  1. 

*The rock  w a s  a v a i l a b l e  commercially as a " g r a n i t e "  rock.  
t i o n  r e v e a l e d  t h a t  a more a p p r o p r i a t e  d e s i g n a t i o n  was "Hornblende q u a r t z  gabbro .I' 

The rock  l o a d i n g  c h a r a c t e r i s t i c s  

Close r  examina- 
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TABLE 1 

SUMMARY OF ROCK LOADING PARAMETERS 

Parameter 

Rock Type 

Mean Equivalent Diameter, d 

Mean Thickness, c 

Thickness/length Ratio, c/a 

Mean Solid Density, p 

Drainage Porosity, 

First Rock Loading 

"Hornblende quartz gabbro" 

0.99 inch( 2.52 cm) 

0.74 inch (1.88 cm) 

0.50 dim. less 

174.3 l b  /ft 3 (2.79 g/cm 3 ) 
m 

0.437 

TABLE 2 

RANGE OF TEST CONDITIONS AND PARAMETERS 

QUANTITY 

Initial Pressure 

End Pressure 

Initial Temperature 

End Temperature 

Mean Steam Production Rate 

Mean Water Recharge Rate 

Mean Cool-down Rate 

Second Rock 
Lo ad ing 

"Granite" 

2.65( 6.73) 

1.62 (4.11) 

0.46 

161.3 (2.61) 

0.345 

RANGE 

255-796 psia (17.4-54.2 bar) 

16-136 psia (1.1-9.3 bar) 

386-500°F ( 197-26O0C) 

21 7 -3 5 1 O F  ( 103-1 7 7 OC ) 

2.4-56 lbm/hr (1.1-25 kg/hr) 

0-28.1 lbm/hr (0-12.7 kg/hr) 

4.3-63'F/hr (2.4-35'C/hr) 
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A t o t a l  o f  29 r u n s  has  been made w i t h  t h e  chimney model. The 

f i rs t  t h r e e  r u n s  had water o n l y  i n  t h e  chimney (100 p e r c e n t  p o r o s i t y )  

and were made mainly  f o r  t h e  purpose of e s t a b l i s h i n g  a r e f e r e n c e  f o r  

u s e  i n  v e r i f y i n g  t h e  a n a l y t i c  model. 

f i rs t  rock  l o a d i n g  (43.7 p e r c e n t  p o r o s i t y ) .  

series had no recharge  w h i l e  most o f  t h e  l a t e r  r u n s  had recharge  of e i t h e r  

(1) cool  water, (2) h o t  water w i t h  l i n e a r l y  d e c r e a s i n g  i n l e t  temperature ,  

o r  ( 3 )  h o t  water a t  n e a r l y  c o n s t a n t  i n l e t  t empera tu re .  The l a s t  t e s t  series,  

runs  26 through 29, was w i t h  t h e  second rock  l o a d i n g  ( 3 4 . 5  p e r c e n t  p o r o s i t y ) .  

Run 29 had recharge  of h o t  water whi le  t h e  o t h e r  r u n s  of t h i s  test series 

had no recharge .  

Runs 4 through 25 were wi th  t h e  

The e a r l y  r u n s  o f  t h i s  tes t  

Other tes t  c o n d i t i o n s  and parameters which could  b e  c o n t r o l l e d  

were v a r i e d  over  as g r e a t  a range as was p r a c t i c a l  t o  p rov ide  t h e  b r o a d e s t  

p o s s i b l e  exper imental  b a s i s  f o r  a n a l y t i c  model v e r i f i c a t i o n .  A summary of 

t h e  range of t e s t  c o n d i t i o n s  and parameters  of t h e  exper iments  i s  g iven  i n  

Table  2. 

An a d d i t i o n a l  a s p e c t  o f  t h e  chimney model tests was i n i t i a t e d  

e a r l y  t h i s  y e a r .  The School of Ear th  Sciences i s  working w i t h  t h e  USGS t o  

determine t h e  s o l u b i l i t y  of l i t h i u m  p r e s e n t  i n  small q u a n t i t i e s  i n  g r a n i t e  

rock i n  geothermal systems. 

rock used i n  t h e  exper iments  h a s  been o b t a i n e d .  

i n d i c a t e  t h a t  l i t h i u m  is  e x t r a c t e d  from t h e  rock  i n  s i g n i f i c a n t  amounts 

(maximum c o n c e n t r a t i o n  measured--300 p a r t s  p e r  b i l l i o n ) .  

t i o n s  are one t o  two o r d e r s  of magnitude g r e a t e r  t h a n  t h e  i n i t i a l  concentra-  

t i o n  i n  t h e  t a p  water charged.  Concen t ra t ion  i s  a f u n c t i o n  of t empera tu re  

and t h e  l e n g t h  of t i m e  t h e  water i s  i n  c o n t a c t  w i t h  t h e  rock;  i t  rises 

r a p i d l y  f o r  t h e  f i r s t  few h o u r s  and t h e n  levels o f f .  

A number of water samples and samples o f  t h e  

A l l  water a n a l y s e s  t o  d a t e  

These concentra-  
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ANALYTIC EFFORTS 

An a n a l y t i c  model f o r  t h e  p r e s s u r e / t e m p e r a t u r e  t r a n s i e n t s  of 

t h e  chimney model h a s  been developed. 

conta ined i n s i d e  t h e  c o n t r o l  volume shown i n  F i g u r e  1 i s  assumed t o  b e  

a t  uniform tempera tu re  e q u a l  t o  t h e  s a t u r a t i o n  t empera tu re  a t  t h e  g i v e n  

p r e s s u r e .  

The two-phase steam mix ture  

Conservat ion of mass and energy l e a d s  t o  t h e  fo l lowing  e q u a t i o n  

f o r  t h e  t i m e  d e r i v a t i v e  of p r e s s u r e :  

where e = e - e = s p e c i f i c  h e a t  of v a p o r i z a t i o n  (Btu/lbm) 
f g  g f 

v = v - v = s p e c i f i c  volume change ( f t  3 / lbm) 
f g  g f 

M = mass of water i n  system a t  time t ( l b  ) m 
t 

( 1 = d i f f e r e n t i a t i o n  w i t h  r e s p e c t  t o  p r e s s u r e  ( l / p s i a )  . . 
Other symbols a r e  g iven  i n  F i g u r e  1. The q u a n t i t i e s  i M . ,  i , and M 

i' 1 p p. 

a r e  g iven  f u n c t i o n s  of t i m e  based on exper imenta l  d a t a  o r  provided as  

i n p u t  f u n c t i o n s .  The rock  t r a n s i e n t  a n a l y s i s  i s  based on t h e  assumption t h a t  

t h e  rock  l o a d i n g  c o n s i s t s  of spheres  w i t h  t h r e e  d i f f e r e n t  e q u i v a l e n t  diame- 

ters. The v a l u e s  o f  t h e  rock  d iamete r s  were based on t h e  s t a t i s t i ca l  rock 

s i z e  d i s t r i b u t i o n  d a t a  measured f o r  t h e  rock  l o a d i n g s .  An energy b a l a n c e  on 

each rock  s i z e  g i v e s  a set of f i r s t  o r d e r  l i n e a r  d i f f e r e n t i a l  e q u a t i o n s  f o r  

t h e  mean temperature  o f  t h e  rocks  i n  terms of t h e  temperature  of t h e  su r-  

rounding two-phase steam mix ture .  

4, i s  computed from t h e  p roduc t  of t h e  t i m e  d e r i v a t i v e  of t h e  rock mean 

tempera tu re ,  t h e  rock  mass, and t h e  rock  s p e c i f i c  h e a t  c a p a c i t y .  

The rate of h e a t  t r a n s f e r  from t h e  r o c k s ,  
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STEAM PRODUCTION 

f M p ,  i, 
r - i  STEAMCAP a 

-LIQUID LEVEL 
(Flash Front Location) 

BOUNDARY COR- 
RESPONDING TO 
CHIMNEY W A L L  

BOUNDARY CORRESPONDING 
vv =v-v, = +v TO R O C K I S T E A M  INTERFACE 

t *  Mi,  i; 

RECHARGE/IN J ECTION 

Figure  1. Cont ro l  Volume f o r  Ana ly t i c  Modell ing 
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The n e t  energy t r a n s f e r  from t h e  v e s s e l  ( t h e  w a l l  e f f e c t )  t o  t h e  

w a t e r / r o c k  system under c o n s i d e r a t i o n  i s  denoted by k. 
i s  d e r i v e d  based on an energy b a l a n c e  on t h e  chimney metal and measured 

ae ta l  t empera tu res .  

Kruger, and London, 1975).  The r e s u l t i n g  system of  equa t ions  can b e  s o l v e d  

numer ica l ly  w i t h  g iven  i n i t i a l  c o n d i t i o n s  and a v a i l a b l e  e q u a t i o n  of s t a t e  

d a t a  f o r  t h e  steam,* 

This  energy t r a n s f e r  

An e x p r e s s i o n  f o r  \ h a s  been g iven  p r e v i o u s l y  (Hunsbedt, 

SuMM?FRY OF RESULTS 

The exper imenta l  r e s u l t s  show t h a t  energy e x t r a c t i o n  from t h e  rock  

is  i n i t i a t e d  upon p r e s s u r e  r e d u c t i o n  so  t h a t  f l a s h i n g  occurs  i n  t h e  chimney. 

The energy e x t r a c t i o n  from t h e  rock  is c h a r a c t e r i z e d  by t h e  rock energy 

e x t r a c t i o n  f r a c t i o n ,  q ,  d e f i n e d  as t h e  rock  energy a c t u a l l y  r e l e a s e d  t o  t h e  

energy a v a i l a b l e  i n  t h e  r o c k s  between t h e  temperature  l i m i t s  of t h e  exper i-  

ment. The rock energy e x t r a c t i o n  f r a c t i o n s  achieved exper imenta l ly  were 

g e n e r a l l y  h i g h e r  t h a n  75 p e r c e n t  and were found t o  depend mainly  on t h e  

p o s i t i o n  of t h e  l i q u i d  l e v e l  i n  t h e  chimney a t  t h e  end of t h e  exper iment .  

The l i q u i d  l e v e l ,  i n  t u r n ,  depends on t h e  recharge /p roduc t ion  r a t i o ,  t h e  

end p r e s s u r e ,  and t h e  rock  p o r o s i t y .  

q w a s  less than  4 p e r c e n t .  

The maximum e f f e c t  of rock  s i z e  on 

E x t r a p o l a t i o n  of t h e  r e s u l t s  t o  a p o s t u l a t e d  

f u l l  s i z e ,  h i g h l y  f r a c t u r e d  system i n d i c a t e s  t h a t  t h e  average rock s i z e  can  

b e  one t o  two o r d e r s  o f  magnitude l a r g e r  t h a n  t h e  average rock  s i z e  normal ly  

found i n  chimneys produced by n u c l e a r  e x p l o s i v e s  (-1.5 f t )  wi thou t  a f f e c t i n g  

t h e  rock  energy e x t r a c t i o n  f r a c t i o n  t o  a s i g n i f i c a n t  degree .  

The f r a c t i o n  of f l u i d s  o r i g i n a l l y  i n  t h e  chimney t h a t  can b e  pro- 

duced, FP, depends s t r o n g l y  on t h e  energy e x t r a c t i o n  from t h e  rock  and on 

*The ASME fo rmula t ions  f o r  t h e  steam p r o p e r t i e s  (McClintock and S i lves t r i ,  
1968) were used.  Computer decks were made a v a i l a b l e  by t h e  Nuclear Energy 
D i v i s i o n  of t h e  General  Electric Company, San J o s e ,  C a l i f o r n i a .  
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t h e  rock p o r o s i t y ,  $. This i s  i l l u s t r a t e d  i n  F ig .  2 f o r  i n i t i a l  and end 

p r e s s u r e s  of r u n  26. 

on t h e  f l u i d s  i n  t h e  chimney. For comparison, t h e  p o i n t  corresponding t o  

t h e  FP and q a c t u a l l y  achieved f o r  r u n  26 i s  a l s o  given i n  t h e  f i g u r e .  

a c t u a l  f r a c t i o n  produced is  h i g h e r  t h a n  computed v a l u e  by an  amount 6 , 

which i s  due t o  h e a t  t r a n s f e r  from t h e  metal w a l l .  

These curves  were computed from a mass-energy b a l a n c e  

The 

The a n a l y t i c  model developed was used t o  p r e d i c t  t h e  observed 

behavior  of t h e  r e s e r v o i r .  Inpu t  f u n c t i o n s  f o r  k i and d e r i v e d  

from t h e  a c t u a l  exper iments  were used.  The p r e d i c t e d  p r e s s u r e  t r a n s i e n t s  

f o r  r u n s  3 and 26 (no recharge)  are  compared t o  t h e  measured p ressures"  

i n  F ig .  3 .  

f o r  t h e s e  runs .  The model was a l s o  t r i e d  f o r  r u n s  wi th  recharge .  It w a s  

found t o  work w e l l  i f  h o t  wa te r  was recharged ,  b u t  i n  t h e  case of  coo l  

water recharge  t h e  model p r e d i c t e d  p r e s s u r e s  lower than  observed.  The 

r e a s o n  f o r  t h i s  w a s  t h a t  a zone o f  r e l a t i v e l y  low temperature  water devel-  

oped near  t h e  lower end of t h e  chimney where t h e  recharge  took p l a c e .  Fur- 

t h e r  v e r i f i c a t i o n  of t h e  a n a l y t i c  model i s  i n  p rogress .  

t h e  rock  energy e x t r a c t i o n  exper iments  performed i n  t h e  chimney model t o  

d a t e  w i l l  b e  completed d u r i n g  t h e  la t ter  p a r t  of  t h i s  y e a r .  

P '  P '  

The agreement between exper iments  and p r e d i c t i o n  are e x c e l l e n t  

A f i n a l  r e p o r t  on 

HARDWARE 

The chimney model sys tem has  performed s a t i s f a c t o r i l y  excep t  

t h a t  d i f f i c u l t i e s  have been exper ienced  w i t h  the l a r g e  diameter  O-ring 

used f o r  s e a l i n g  of t h e  quick-opening head.  However, a new h igh  durometer 

r e a d i n g  O-ring (Vi ton)  h a s  been a c q u i r e d  which performs w e l l  a t  s l i g h t l y  

d e r a t e d  maximum c o n d i t i o n s  ('L485'F i n s t e a d  of 500°F and Q650 p s i g  i n s t e a d  

o f  800 p s i g ) .  

*The p r e s s u r e  is  normalized t o  t h e  i n i t i a l  s a t u r a t i o n  p r e s s u r e .  
d imensional  t i m e  v a r i a b l e  is  t h e  mean steam produc t ion  rate  d i v i d e d  by t h e  
i n i t i a l  mass i n  t h e  sys tem and m u l t i p l i e d  by t h e  t r a n s i e n t  t i m e .  

I f  a d d i t i o n a l  problems w i t h  t h e  O-ring r e q u i r e  f u r t h e r  

The n m -  
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d e r a t i n g  o r  c o r r e c t i v e  a c t i o n ,  a p l a n  f o r  r e p l a c i n g  t h e  quick-opening head 

is  be ing  formulated.  

Major problems were a l s o  exper ienced w i t h  t h e  c i r c u l a t i o n  pump 

The seal mechanism u s u a l l y  f a i l s  a f t e r  a few hours  o f  o p e r a t i o n  due seal. 

t o  d e p o s i t s  o f  s i l ica tes  which p r e c i p i t a t e  from t h e  c o o l e r  s p o t s  a long  

t h e  pump s h a f t .  

r e p l a c i n g  t h e  pump, which is  a major m o d i f i c a t i o n .  

There seems t o  b e  no s o l u t i o n  t o  t h i s  problem excep t  

Cleaning o f  t h e  seal 

is  now r e q u i r e d  a f t e r  every  experiment.  

t h e  p r e s e n t  c i r c u l a t i o n  pump s e a l  must b e  cons idered  marginal  and b o t h  

p l a c e  o p e r a t i o n a l  r e s t r i c t i o n s  on t h e  system. 

Both t h e  O-ring arrangement and 

Problems were a l s o  exper ienced w i t h  t h e  i n j e c t i o n  pump, b u t  it 

appears  t h a t  t h i s  was caused by fou led  valves. A set  of new valves h a s  

been rece ived ,and  d u r i n g  t h e  l a s t  exper iment  no problems were exper ienced .  

It i s  a n t i c i p a t e d  t h a t  two p i p i n g  components n o t  i n s t a l l e d  d u r i n g  t h e  

c o n s t r u c t i o n  phase due t o  l a c k  of p a r t s  w i l l  b e  i n s t a l l e d  i n  t h e  near 

f u t u r e .  

s i d e r e d  f o r  t h e  t a p e  h e a t e r s  on t h e  v e s s e l .  

A d d i t i o n a l  h e a t i n g  and h e a t i n g  c o n t r o l  equipment i s  be ing  con- 

FUTURE EXPERIMENTS 

It is  n o t  expected t h a t  a d d i t i o n a l  exper iments  w i t h  t h e  second 

rock  load ing  are  r e q u i r e d .  The n e x t  p lanned exper imental  e f f o r t  i s  w i t h  

a rock load ing  from t h e  P i l e d r i v e r  r u b b l e  chimney rock  f o r  h e a t  t r a n s f e r  

s t u d i e s  f o r  m i c r o f r a c t u r e d  rocks  and f o r  r a d i o- t r a c e r  measurements o f  

chemical  c h a r a c t e r i s t i c s  o f  such  rock-hot water systems. 
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BENCH-SCALE FLOW MODELS 

The objectives and apparatus involved in the Bench-Scale Flow Models 

have been described in Progress Reports Nos. 1 and 3 .  During the current year, 

the first stage of the linear flow experiments was completed and described by 

Arihara, 1974. 

The experiments were carried out by employing a Hassler-type core holder 

with cylindrical consolidated sandstones (24 inches long, 2 inches O.D.) in it. 

Both natural and synthetic cement-consolidated sand cores were used. 

the same equipment, several different kinds of experiments were accomplished: 

Utilizing 

isothermal single-phase flow 

non-isothermal single-phase flow, and 

non-isothermal two-phase flow experiments. 

The overall heat transfer coefficient for the core holder was measured in 

both hot fluid injection and cold water injection experiments, and compared 

with design calculations with good results. 

transfer coefficient was found to depend on mass flow rate to a minor degree. 

The steady-state overall heat 

The thermal efficiency of hot water and cold water injection was found 

to depend on heat injection rate. 

Two-phase boiling flow experimental data show that a significant decrease 

in both temperature and pressure can occur within the two-phase region, and 

that two-phase flow can be isenthalpic and steady state if heat transfer 

between the core and the surroundings is at a low level. 

Experiments for the further study of the film coefficient at the surface 

of the core are being designed in order to investigate the rate dependency 

of the film coefficient. 

A paper describing the present study was accepted for presentation at 

the 45th Annual California Regional Meeting, Society of Petroleum Engineers, 
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Ventura,  C a l i f o r n i a ,  A p r i l  3-4, 1975, and w i l l  b e  pub l i shed  i n  t h e  Soc ie ty  of 

Petroleum Engineers  J o u r n a l .  

The Ar ihara  work completed t h e  i n i t i a l  phases  o f  t h e  l inear  flow Bench- 

Scale Model s tudy .  

t i o n  of a r t i f i c i a l  sands tones  t o  pe rmi t  c a s t i n g  c o r e s  of low p e r m e a b i l i t y  and 

h igh  p o r o s i t y  c o n t a i n i n g  ins t rument  p robes ,  development o f  a s u i t a b l e  c o r e  

ho lder  which would permi t  i n s t r u m e n t a t i o n ,  and complet ion of i n i t i a l  runs  f o r  

These phases  i n c l u d e d  development of a method f o r  cons t ruc-  

c l e a n  f l u i d s  and c o r e s .  One important  component c o n s t r u c t e d  by Ar ihara  was a 

l i q u i d  c o n t e n t  d e t e c t o r  based upon t h e  d i f f e r e n c e  between t h e  d i e l e c t r i c  con- 

s t a n t  o f  steam and l i q u i d  water and employing a c a p a c i t a n c e  probe.  

Ar ihara  demonstrated t h e  p r i n c i p l e ,  he d i d  n o t  c a l i b r a t e  t h e  probe.  

t h e  c u r r e n t  p e r i o d ,  t h e  bench- scale model e f f o r t  has  been focused i n  two 

impor tan t  d i r e c t i o n s :  (1) c a l i b r a t i o n  o f  t h e  l i q u i d  c o n t e n t  probe,  and ( 2 )  

c o n s t r u c t i o n  o f  a second model f o r  p a r a l l e l  r u n s  w i t h  b o i l i n g  l i q u i d s  con ta in-  

i n g  s a l t  i n  s o l u t i o n  and gases  i n  s o l u t i o n .  

w i t h  work on t h e  l i q u i d  c o n t e n t  probe.  

ment may b e  a major accomplishment. 

Although 

During 

The fo l lowing  w i l l  d e a l  mainly 

The development of t h i s  s i n g l e  i n s t r u -  

Two p e r t i n e n t  r e p o r t s  fo l low.  The f i r s t  d e a l s  w i t h  work done d i r e c t l y  w i t h  

t h e  bench- scale model. 

porous media i n  g e n e r a l  and t h e  c a p a c i t a n c e  probe i n  p a r t i c u l a r ,  

The second is a p a r a l l e l  s t u d y  on l i q u i d  d e t e c t i o n  i n  

BENCH-SCALE MODEL WORK WITH THE CAPACITANCE PROBE 

The o p e r a t i n g  p r i n c i p l e  may b e  found i n  t h e  "Liquid S a t u r a t i o n  Probe" 

s e c t i o n  of Progress  Report  No.  3 (June,  1974) .  The d e t a i l e d  diagrams of t h e  

c a p a c i t a n c e  probe,  c a p a c i t a n c e  probe c i r c u i t  and d i g i t a l- t o- a n a l o g  c o n v e r t e r  

c i r c u i t  are shown i n  Appendix C of A r i h a r a ' s  d i s s e r t a t i o n .  

(Baker, 1973) probe c o n s i s t s  o f  t h r e e  main components--probe, c a p a c i t a n c e  probe 

c i r c u i t ,  and d i g i t a l- t o- a n a l o g  c i r c u i t .  

The c a p a c i t a n c e  

The s e n s i t i v e  p o r t i o n  of t h e  c a p a c i t a n c e  
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probe i s  r e a l l y  a c o n s t r u c t i o n  of f r i n g e  c a p a c i t a n c e .  

c i t a n c e  method h a s  a l s o  been a p p l i e d  t o  measure t h e  mois tu re  c o n t e n t  o f  s o i l  

i n  s i t u  (Thomas, 1966) .  The c a p a c i t a n c e  p robe  c i r c u i t ,  which c o n t a i n s  t h r e e  

impor tan t  p a r t s ,  i s  t h e  most important  p o r t i o n .  These t h r e e  p a r t s  are (1) two 

c r y s t a l  s t a b i l i z e d  o s c i l l a t o r s ,  ( 2 )  d e t e c t o r ,  and (3) a m p l i f i e r .  The two 

o s c i l l a t o r s  are i d e n t i c a l  excep t  t h a t  one i s  connected wi th  t h e  c a p a c i t a n c e  

probe.  Both are tuned t o  about  7.5mH2, w i t h  abou t  1 . 3  KHZ d i f f e r e n c e  when 

Such a f r i n g e  capa- 

t h e  c a p a c i t a n c e  probe i s  immersed i n  a i r .  Once se t ,  t h e  d i f f e r e n c e  i s  f i x e d  

u n l e s s  t h e  c a p a c i t a n c e  o f  t h e  probe changes.  The schemat ic  diagram of t h e  

a p p a r a t u s  used t o  measure l i q u i d  s a t u r a t i o n  i s  shown i n  F igure  4 .  

Akerlof and Oshry (1950) measured t h e  s t a t i c  d i e l e c t r i c  c o n s t a n t  o f  water 

i n  e q u i l i b r i u m  w i t h  i t s  vapor over  t empera tu res  rang ing  from t h e  b o i l i n g  p o i n t  

(100°C) t o  t h e  c r i t i c a l  p o i n t  (373°C). The i r  d a t a  f i t  t h e  fo l lowing  equa t ion :  

E = 5321T-1 + 233.76 - 0,9297T + 0.1417 X 10-2T2 - 0.8292 X 1 0  -6 T 3 0 

where T i s  a b s o l u t e  temperature  i n  O K .  

The c a l c u l a t e d  v a l u e s  f o r  d i e l e c t r i c  c o n s t a n t  of water a t  t empera tu res  

from 100°C t o  240°C are shown i n  Table 3 and F igure  5 .  

t h a t  t h e  e f f e c t  of p r e s s u r e  on d i e l e c t r i c  c o n s t a n t  is  r e l a t i v e l y  small.  

d i e l e c t r i c  c o n s t a n t  of water on ly  changes 0.5% (or  l e s s )  f o r  each 100 p s i  

change i n  p r e s s u r e .  

1.0126 and 1.00785 r e s p e c t i v e l y  (Gray, 1963).  

Warren (1962) i n d i c a t e d  

The 

The d i e l e c t r i c  c o n s t a n t s  o f  steam a t  100°C and 140°C are 
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TABLE 3 
COMPUTED VALUES FOR THE DIELECTRIC CONSTANT 

OF WATER AT TEMPERATURES BETWEEN 100°C AND 240°C 

E 
TEMPERATURE 

C 0 
E 0 

TEMPERATURE 
C 0 

0 

100 55.39 180 38.10 

110 52.89 190 36.32 

120 50.48 200 34.59 

130 48.19 210 32.93 

14 0 46.00 220 31.32 

150 43.89 2 30 29.75 

160 41.87 240 28.24 

170 39.96 

For s t a t i c  c a l i b r a t i o n  of t h e  probe i n  t h e  c o r e  f i l l e d  w i t h  a i r  and water, 

pyrex tub ing  (0.355 i n c h  O.D.) was c a s t  i n  t h e  c e n t e r  of a s y n t h e t i c  c o r e  

(80% sand,  20% cement by weight)  w i t h  dimensions o f  2 .51 inches  long and 

1 .93  inches  d iamete r .  

evacuated,  t h e n  water in t roduced  t o  f u l l y - s a t u r a t e  t h e  c o r e .  

s a t u r a t i o n  (con ten t  by volume) was c a l c u l a t e d  from: 

The t e s t  c o r e  w a s  hea ted  t o  310'F f o r  t h r e e  hours ,  

The water 

w - Wd - - 
sw w - w  

s a t  d 

where S = water s a t u r a t i o n ,  f r a c t i o n  of pore  volume 

W = weight  of w e t  c o r e ,  gm 

W 

Wd 

'sat 

= weight  of d r i e d  c o r e ,  gm 

= weight  of fully s a t u r a t e d  c o r e ,  gm 
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Figure  5.  Computed Values f o r  Dielectric Constant of Water vs. 
Temperature (Akerlof and Oshrv. 1950) 
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There are two flow processes  as f l u i d s  f low through porous media. 

These are  t h e  d r a i n a g e  and t h e  i m b i b i t i o n  p rocesses .  To s i m u l a t e  

t h e  d r a i n a g e  p r o c e s s ,  t h e  f u l l y  s a t u r a t e d  c o r e  i s  hea ted  f o r  

d i f f e r e n t  times t o  o b t a i n  d i f f e r e n t  water s a t u r a t i o n s .  For t h e  

i m b i b i t i o n  p r o c e s s ,  t h e  d r i e d  c o r e  is immersed i n  t h e  water f o r  

d i f f e r e n t :  t i m e s .  The c a p a c i t a n c e  probe i s  i n s e r t e d  i n t o  t h e  pyrex 

tub ing  as t h e  t e s t e d  c o r e  i s  i n  t h e  c o r e  h o l d e r  w i t h  Vi ton tube.  

The s i g n a l  of t h e  probe i s  recorded by a Heath r e c o r d e r .  The 

r e s u l t s  are changed t o  mV by c a l c u l a t i o n .  Typical  r e s u l t s  of 

such s t a t i c  t e s t i n g  are  shown i n  F i g u r e  6.  

Steam-water c a l i b r a t i o n  can  be  o b t a i n e d  by mass ba lance .  The 

l i q u i d  water s a t u r a t i o n  i n  t h e  c o r e  f i l l e d  w i t h  steam and water 

can be  c a l c u l a t e d  by: 

s =  V W [y  - lj 
w (vs - VJ 

where S = water s a t u r a t i o n ,  f r a c t i o n  
W 

v = s p e c i f i c  volume of water, cu f t / l b  

vs = s p e c i f i c  volume of steam, cu f t . / l b  

V = volume of t h e  t e s t e d  c o r e ,  cu  f t  

W 

4 = p o r o s i t y  of t h e  c o r e ,  f r a c t i o n  

M = t o t a l  mass of t h e  steam-water mix ture  i n  t h e  c o r e ,  l b  

S ince  t h e  d i e l e c t r i c  c o n s t a n t  of water d e c r e a s e s  w i t h  temperature ,  

t h e  c a l i b r a t i o n  curve  f o r  a steam-water system should cons ider  

t h e  temperature  as a parameter .  

should look l i k e  F i g u r e  7. 

The i d e a l i z e d  c a l i b r a t i o n  curve  
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L I Q U I D  DETECTION I N  POROUS MEDIA 

Although t h e  Baker (1973) l i q u i d  probe had not  been deveioped f o r  

geothermal system purposes and had n o t  been c a l i b r a t e d ,  i t  appeared t o  have 

t he  c h a r a c t e r i s t i c s  r equ i r ed  f o r  t h e  c u r r e n t  program. Never the less ,  i t  

appeared wise t o  review t h e  e x i s t i n g  methods, g i v e  l i q u i d  d e t e c t i o n  a f r e s h  

i n spec t ion ,  and examine t h e  theory of  d i e l e c t r i c  cons t an t  probing i n  more 

d e t a i l .  This  p r o j e c t  w a s  undertaken and completed i n  t h e  c u r r e n t  pe r iod .  

Some of t h e  r e s u l t s  are presented  by Denlinger  (1975).  The remainder w i l l  

be presented  i n  forthcoming s t u d i e s  by Chen. 

review of some important  r e s u l t s .  

The fol lowing i s  a b r i e f  

The c o n s t r a i n t s  which a probing dev ice  must s a t i s f y  are: 

1. There must be  a s i g n i f i c a n t  d i f f e r e n c e  between t h e  s i g n a l  measured f o r  

water s a t u r a t e d  porous media and t h a t  f o r  steam s a t u r a t e d  porous media. 

The device  must be  a b l e  t o  measure a r e l a t i v e l y  narrow i n t e r v a l  of  

co re  ( 2  - 3 c m  o r  l e s s )  e f f e c t i v e l y .  

The device  must b e  a b l e  t o  be  modified t o  f i t  t he  experimental  condi-  

t i o n s ,  such as a metal co re  ca s ing  and high temperatures  and p r e s s u r e s .  

The two most promising devices  a t  p r e s e n t  are both capac i t ance  probes,  

which u t i l i z e  t h e  d i f f e r e n c e  i n  d i e l e c t r i c  cons t an t s  between water and 

steam. 

Two o t h e r  methods which may prove a p p l i c a b l e  are: 

2 .  

3.  

One probe i s  a l r e a d y  i n  use ,  t h e  o t h e r  i s  being cons idered .  

(a)  Nuclear magnet ic  resonance which measures t he  s i g n a l  from 

p reces s ing  hydrogen n u c l e i  i n  l i q u i d s .  

(b)  U l t r a s o n i c s ,  which measures t h e  time of  t r a n s i t  o f  a 

s o n i c  impulse through t h e  rock. 

t h i s  method i s  d e t e c t i o n  of a s u f f i c i e n t l y  small i n t e r v a l  

i n  t h e  co re  t o  i n s p e c t  t h e  d e t a i l s  of  two-phase flow. 

The major problem wi th  
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Of a l l  t h e  methods s t u d i e d  t o  d a t e ,  t h e  capac i t ance  probe comes 

c l o s e s t  t o  meeting t h e  c o n d i t i o n s  of measuring l i q u i d  s a t u r a t i o n s  i n  porous 

media a t  high temperatures  and p r e s s u r e s .  T h e o r e t i c a l  a n a l y s i s  i n d i c a t e s  

t h a t  t h e  d i e l e c t r i c  cons tan t  ( capac i t ance)  probe d e t e c t s  changes w i t h i n  

a depth  of about one- sixth t h e  c o r e  thickness--about 0.4 inches  i n  t h e  

sub j ec t case. 

VAPOR-PRESSURE LOWERING DUE TO CAPILLARITY 

A s  volumet r ic  l i q u i d  S a t u r a t i o n s  become very s m a l l  w i t h i n  a 

porous medium, t h e r e  i s  both  a phys ica l  and a thermodynamic b a s i s  f o r  

expec t ing  t h e  vapor p r e s s u r e  t o  decrease  due t o  i n t e r f a c i a l  t e n s i o n  e f f e c t s .  

I f  such a phenomenon e x i s t s  t o  a s i g n i f i c a n t  degree ,  f l a t  s u r f a c e  (steam 

t a b l e s )  vapor p r e s s u r e  d a t a  may n o t  be  a p p r o p r i a t e  f o r  t h e  c o n d i t i o n s  w i t h i n  

a porous medium. 

Such behavior  has been s t u d i e d  by Ramey and co-workers s i n c e  

t h e  l a t e  1960 ' s .  Cady (1969) and B i l h a r t z  (1971) concluded t h a t  t h e  e f f e c t  

w a s  not  s i g n i f i c a n t  i n  unconsol idated sand r e s e r v o i r s .  S t r o b e l  (1973),  on 

the  b a s i s  of semi- quan t i t a t ive  c o r r e c t i o n s  of exper imental  i n a c c u r a c i e s ,  

appeared t o  have observed t h e  lowering e f f e c t  i n  a conso l ida ted  sands tone .  

The p r e s e n t  ongoing work (Chicoine,  1975) i s  aimed a t  redes ign ing  and 

r e b u i l d i n g  t h e  e r2er imenta l  appara tus  o f  St robe1 so t h a t  t h e  e f f e c t ,  if 

p r e s e n t ,  rdn b e  observed wi th  g r e a t e r  accuracy.  

During t h e  c u r r e n t  y e a r ,  c o n s t r u c t i o n  of t h e  appara tus  w a s  

completed and t r ia l  runs  were made. 

lowering w a s  observed (Chicoine,  1975).  

i s s u e d  i n  t h e  near  f u t u r e .  

S i g n i f i c a n t  apparent  vapor p r e s s u r e  

A d e t a i l e d  p r o j e c t  r e p o r t  w i l l  b e  
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RADON I N  GEOTHERMAL RESERVOIRS 

The s tudy  o f  radon occurrence i n  geothermal r e s e r v o i r s  has  been 

undertaken t o  e v a l u a t e  t h e  p o t e n t i a l  of radon as a d i a g n o s t i c  t o o l  f o r  

s tudying t h e  performance of geothermal r e s e r v o i r s .  

was an  e v a l u a t i o n  of t h e  environmental  impact o f  radon release. 

t i v e s  o f  t h i s  s tudy dur ing t h e  p resen t  y e a r  included t h r e e  major t a s k s :  

1) e v a l u a t e  t h e  p o t e n t i a l  environmental  impact of radon release, 2 )  survey 

a c t u a l  radon occurrence i n  d i f f e r e n t  geothermal resource  areas, and 3 )  es tab-  

l i s h  a r e l a t i o n s h i p  between t h e  radon c o n c e n t r a t i o n  of t h e  f l u i d  and t h e  

f l ow  r a t e  o f  t h e  w e l l .  

An a d d i t i o n a l  purpose 

The objec-  

The method s e l e c t e d  f o r  measuring radon and t h e  sampling techniques  

used have been desc r ibed  i n  "Radon Measurements i n  Geothermal Systems," 

Stoker and Kruger, SGP-TR-4, and are n o t  d i scussed  h e r e .  

ENVIRONMENTAL SAMPLING 

A series of environmental  a tmospher ic  radon measurements were 

made i n  a mountain v a l l e y  of t h e  Geysers a r e a  o f  Northern C a l i f o r n i a .  

concen t ra t ions  were measured i n  samples taken from ambient a i r  and a i r  near  

steam w e l l s  undergoing t e s t i n g .  The a i r  samples were taken a t  t h r e e  d i f -  

f e r e n t  l o c a t i o n s  i n  t h e  v a l l e y .  The f i r s t  sampling p o i n t  w a s  a t  t h e  lower 

end of t h e  v a l l e y  near  h o t  s p r i n g s .  The second sampling p o i n t  was approxi-  

Radon 

mately a t  t h e  midpoint o f  t h e  v a l l e y .  The t h i r d  sampling p o i n t  w a s ' a t  a 

r i d g e  forming t h e  upper boundary of t h e  same v a l l e y .  The samples were 

taken s e v e r a l  times d u r i n g  a per iod  of approximately one year .  

I n  a d d i t i o n ,  s e v e r a l  samples were taken  near b leed ing  wells, 

and t h e  p r e v a i l i n g  winds, f low rate ,  and d i s t a n c e  from t h e  w e l l  were a l s o  

recorded.  The r e s u l t s  a r e  p resen ted  i n  Table 4 .  
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TABLE 4 

ENVIRONMENTAL, RADON MEASUREMENTS IN A MOUNTAIN VALLEY 
NEAR A GEOTHERMAL FIELD, THE GEYSERS, CALIFORNIA 

DATE 

10  March 1974 

18 May 1974 

14  Dec 1974 

11 J a n  1975 

18 May 1974 

14  Dec 1974 

11 J a n  1975 

1 0  March 1974 

18 May 1974 

11 Jan  1975 

1 7  J an  1974 

1 4  Dec 1974 

14 Dec 1974 

AMBIENT AIR CONCENTRATIONS 

LOCATION 

Locat ion  1 

Locat ion  1 

Locat ion  1 

Location 1 

Locat ion  2 

Locat ion  2 

Location 2 

Location 3 

Location 3 

Locat ion  3 

275 f t  from w e l l ,  s t i l l  a i r  

250 f t  from w e l l ,  s t i l l  a i r  

230 f t  downwind from w e l l  

World average  (Johnson, 1973) 

RADON CONCENTRATION 
DCiIl 

0.12 - + 0.01 
< 0.07 

0.14 - + 0.01 
0.09 - + 0 .01  

0.11 - + 0.01 
0.10 1 + 0.01 
0.13 1 -t- 0.01 

< 0.05 

< 0.07 

0.09 -t- 0 .01  - 
< 0.05 

0.09 - f 0.01 

0.15 1 + 0.02 

0 .3  
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Natura l  a i r  concen t ra t ions  of 222Rn may vary  widely from one 

l o c a l e  t o  ano ther  depending on t h e  type o f  s o i l  and atmospheric cond i t ions .  

The average atmospheric con ten t  from 1 - 4 meters from t h e  ground i s  

0.3 p C i / l ;  t h e  maxima and minima are r e s p e c t i v e l y  10 t o  0 .1  times t h a t  

amount (Johnson e t  a l . ,  1973; Eisenbud, 1963) .  A s  can b e  seen from t h e  

d a t a ,  t h e  concen t ra t ions  ob ta ined  from t h e  v a l l e y  i n  t h e  Geysers a r e a  a r e  

a l l  below t h e  world average by a f a c t o r  of 2 - 3. The observed lower 

radon concen t ra t ions  are c o n s i s t e n t  w i t h  t h e  hypothes i s  t h a t  a i r  masses 

reaching C a l i f o r n i a  from t h e  P a c i f i c  Ocean are e s s e n t i a l l y  radon f r e e ,  

and t h e  emiss ions  from t h e  Geysers w e l l s  do n o t  raise t h e  radon concentra-  

t i o n  by a s i g n i f i c a n t  amount. 

SURVEY OF RADON I N  LARDERELLO, ITALY 

One of t h e  o b j e c t i v e s  of t h i s  s tudy  w a s  t o  c o l l e c t  d a t a  on radon 

concen t ra t ions  i n  d i f f e r e n t  a r e a s  where geothermal resources  a r e  p r e s e n t .  

Five  samples were taken from four  d i f f e r e n t  product ion f i e l d s  i n  L a r d e r e l l o ,  

I t a l y .  

f i e l d ,  one sample was taken from t h e  Caste lnuovo,  Serrazzano Pozza i ,  and 

Two sample s  were taken from a p roduc t ion  w e l l  i n  t h e  L a r d e r e l l o  

Sasso P i ssano  f i e l d s .  The r e s u l t s  appear i n  Table  5 and F igure  8 .  

TABLE 5 
RADON CONCENTRATION I N  STEAM FROM IARDERELLO, ITALY 

RADON I N  CONDENSATE 
pCi/ 1 DATE LOCATION 

1 7  Feb 1975 Larder e l l o  

1 7  Feb 1975 Larde r  e l l o  

1 7  Feb 1975 Castelnuovo 

1 7  Feb 1975 Sasso Pissano 

1 7  Feb 1975 Serazzano Pozzai  
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17,751-k  - 700 

36,833 - + 1,000 
32,511 - -k 1,000 

59,382 - + 1,500 

18,012 - + 700 



Lardc r e 1.1 o 
(17,751 pCi/L) 

Serrazano 
(18,012 pCi/R) 

Sasso e+ 

f F. Cornia 

T. Pavone + 

* Monterotondo 

Figure 8. Larderello Geothermal Field. Radon Concentrations 
in Steam. 
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The radon c o n c e n t r a t i o n s  i n  t h e s e  samples were h igher  than those  

g e n e r a l l y  found i n  t h e  Geysers a r e a .  The f r a c t i o n  of non-condensable 

gases  i s  a l s o  h i g h e r  i n  t h e  L a r d e r e l l o  f i e l d ,  w i t h  a n  average of f i v e  

weight p e r c e n t ,  compared w i t h  an average of 0 .5  pe rcen t  by weight found 

a t  t h e  Geysers. A second set of samples  from I t a l y  h a s  been arranged t o  

tes t  t h e  r e p r o d u c i b i l i t y  of  consecut ive  samples,  b u t  t h e  t e s t  has  n o t  been 

completed. 

RADON EQUILIBRIUM AND RELATIONSHIP WITH FLOW RATE 

Severa l  experiments were conducted t o  a t t empt  t o  g a i n  a b e t t e r  

unders tanding of t h e  occurrence and behavior  of radon i n  geothermal 

systems.  Tests conducted i n  Wells I-A, I-B a t  t h e  Geysers (S toker ,  SGP-TR-4, 

page 98) i n d i c a t e d  t h a t  the  radon concen t ra t ion  w a s  h igher  when t h e  w e l l  

was f i r s t  opened and decreased t o  a s t eady  s t a t e  va lue .  

v a r i a t i o n s  from t h e  average  v a l u e  w e r e  l a r g e r  than could b e  a t t r i b u t e d  

However, t h e  

t o  e r r o r  i n  measurements. Two d i f f e r e n t  tests  have been conducted t o  

t r y  t o  confirm t h e  e x i s t e n c e  of a s teady  s t a t e .  The f i r s t  test  c o n s i s t e d  

of sampling f o r  a pe r iod  of 18 hours .  The r e s u l t s  appear i n  Table 6 .  

TABLE 6 
STJMVARY OF KESULTS 

JANUARY 11, 1 9 7 5  
SAMPLING AT WELL II-B, GEYSERS AREA 

Test s t a r t e d  a t  09:OO hours  

II-B II-B II-B Well Number 

Time 13 : 00 17 : 00 1 9  : 00 

Radon Content of  Sample 

a t  Time of C o l l e c t i o n  277.68 286.75 295.74 

96 + 2 

2799 + 100 

90 2 2 
I 

89 -I- 2 

3120 + 100 

- Amount of Condensate, ml 

Radon Concentra t ion p C i / l  3286 + 100 - - - 

continued 
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Well Number 

T i m e  

I I - B  I I - B  I I - B  

21:oo 01: 00 03 : 00 

Radon Content of Sample 
a t  T i m e  of C o l l e c t i o n ,  p C i  347.57 277.45 305.28 

Amount of Condensate, m l  110 - + 2 93 - + 2 104 2 2 

3159 + 100 2983 + 100 2935 5 100 

The r e s u l t s  s t i l l  show a l a r g e r  v a r i a t i o n  than can be  ass igned 

- Radon Concentra t ion p C i / l  - 

t o  t h e  e r r o r s  i n  measurement and i t  i s  n o t  known i f  t h e s e  v a r i a t i o n s  can 

be a t t r i b u t e d  t o  changes i n  t h e  radon c o n c e n t r a t i o n  of t h e  steam sampled, 

o r  t o  u n i d e n t i f i e d  e r r o r s  i n  sampling o r  measurement. A s i m i l a r  problem 

has  been encountered regard ing  t h e  non-condensable gases  i n  each sample. 

The amount of non-condensable gases  may v a r y  from sample t o  sample by a 

f a c t o r  of two o r  even h i g h e r .  It i s  n o t  known i f  t h e s e  samples  a r e  

r e p r e s e n t a t i v e  of t h e  f i e l d  c o n d i t i o n s ,  or  i f  non-condensable gases  

a r e  escaping from t h e  sample b o t t l e  through t h e  bleed l i n e .  Tests should 

be  conducted t o  determine t h e  r e l i a b i l i t y  of t h e  sampling technique under 

u s e  w i t h  r e s p e c t  t o  non-condensable g a s e s .  

simultaneous sample, inducing condensat ion i n  t h e  f i e l d  and measuring 

t h e  r a t i o  of t h e  volume of non-condensable gases  t o  t h e  volume of t h e  

condensat  e. 

This can be  done by t ak ing  a 

The second test,  under way a t  t h e  p r e s e n t  t i m e ,  c o n s i s t s  of d a i l y  

samples from a w e l l  f o r  a per iod  of t h r e e  weeks, a f t e r  which t h e  flow ra te  

is changed t o  h a l f  i t s  i n i t i a l  v a l u e  and d a i l y  sampling con t inues  f o r  

ano ther  t h r e e  weeks. It  w i l l  h e l p  

e v a l u a t e  t h e  long- range v a r i a b i l i t y  of radon c o n c e n t r a t i o n  and t h e  depend- 

ence of radon c o n c e n t r a t i o n  on steam flow rate.  The r e s u l t s  from t h e  test 

will b e  u s e f u l  f o r  t h e  e v a l u a t i o n  of t r a n s i e n t  f low models. 

This experiment has  a twofold purpose. 
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HEAT AND MASS TRANSFER I N  FRACTURED ROCKS 

Both h e a t  and mass t r a n s f e r  mechanisms can c o n t r i b u t e  t o  energy  

e x t r a c t i o n  from f r a c t u r e d  r o c k s  as  c o l d  f l u i d  i s  r e c y c l e d  t o  a s t i m u l a t e d  

geothermal  r e s e r v o i r .  A mass t r a n s f e r  mechanism r e f e r s  t o  t h e  exchange 

between micropore  water and macropore water. It is  t h e  o b j e c t i v e  of  t h i s  

s t u d y  t o  i n v e s t i g a t e  bo th  h e a t  and mass t r a n s f e r  phenomena from a s i n g l e  

rock  t o  t h e  sur rounding  macropore water. 

The s y n t h e t i c  rocks  f a b r i c a t e d  f o r  t h e  l a b o r a t o r y  expe r imen t s  a r e  

s p h e r e s .  I n  h e a t  t r a n s f e r  exper iments  a s i n g l e  r o c k ,  i n i t i a l l y  a t  a h i g h e r  

tempera ture ,  i s  immersed i n  a comple te ly  mixed tank  of water,  and t h e  

tempera ture  of  t h e  water i s  r eco rded  as  a f u n c t i o n  of t i m e .  I n  mass t r a n s f e r  

exper iments ,  t h e  s p h e r i c a l  rock  i s  i n i t i a l l y  s a t u r a t e d  w i t h  t r i t i a t e d  water 

and immersed i n  a comple te ly  mixed t ank  of un labe l ed  w a t e r .  The c o n c e n t r a t i o n  

of t h e  t r i t i a t e d  water i n  t h e  e x t e r n a l  wa te r  i s  r eco rded  as a f u n c t i o n  of t i m e .  

Mathematical models have been prepared  t o  r e p r e s e n t  t h e  p h y s i c a l  

system, w i th  h e a t  t r a n s p o r t  models be ing  s i m i l a r  t o  mass t r a n s p o r t  models.  

Heat t r a n s p o r t  i s  eva lua t ed  i n  terms of e f f e c t i v e  thermal  d i f f u s i v i t y  i n  

t h e  i n t r a s p h e r e  r e g i o n  and i n  terms of t h e  h e a t  t r a n s f e r  f i l m  c o e f f i c i e n t  

i n  t h e  i n t e r f a c e  r eg ion .  

d i f f u s i v i t y  i n  t h e  i n t r a s p h e r e  r e g i o n  and i n  terms of  mass t r a n s f e r  f i l m  

c o e f f i c i e n t  i n  t h e  i n t e r f a c e  r eg ion .  The mathematical  models have been 

used t o  match t h e  exper imenta l  d a t a  and t o  de termine  t h e  v a l u e  of e f f e c t i v e  

Mass t r a n s p o r t  i s  eva lua t ed  i n  terms of e f f e c t i v e  

d i f f u s i v i t y  and f i l m  c o e f f i c i e n t s .  

MATHEMATICAL MODELS 

Der iva t ion  of  a mathematical  model o f  t h e  exper imenta l  system f o r  
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h e a t  t r a n s f e r  s t u d i e s  i s  similar t o  t h a t  f o r  mass t r a n s f e r  s t u d i e s .  I n  

t h i s  s tudy ,  a d e r i v a t i o n  i s  p re sen ted  f o r  mass transfer s t u d i e s  on ly .  A 

f r o n t  model w a s  developed las t  yea r  and w a s  desc r ibed  by Kruger and Ramey 

( 1 9 7 4 ) ,  SGP-TR-1. A major o b j e c t i v e  has  been t o  remove t h e  pseudo- steady 

s t a t e  assumption of t h e  f r o n t  model. In t h e  fo l lowing ,  t h e  d e r i v a t i o n  

of  t h e  a n a l y t i c a l  model i s  shown f i r s t .  Numerical r e s u l t s  f o r  b o t h  t h e  

f r o n t  model and t h e  a n a l y t i c a l  model are then  compared, 

ANALYTICAL MODEL 

In t h e  mass t r a n s f e r  s t u d y ,  t h e  system shown i n  F ig .  9 i s  cons ide red .  

The system c o n s i s t s  of two p a r t s :  (1) a porous sphe re ,  t h e  void  space  of 

which i s  f i l l e d  wi th  a s o l u t i o n  of  t r i t i a t e d  water, and ( 2 )  a sur rounding  

f l u i d  which is  cons idered  t o  have a uniform concen t r a t ion .  The system i s  

s u b j e c t  t o  t h e  fo l lowing c o n d i t i o n s :  

t h e  i n i t i a l  c o n c e n t r a t i o n  of t h e  t r i t i a t e d  water i n  t h e  porous 

sphe re  is uniform, 

t h e  e x t e r n a l  s o l u t i o n  always has  a uniform concen t r a t ion ,  

t h e  ma t r ix  of  t h e  porous sphe re  is  i n e r t ,  and 

t h e  d i s i n t e g r a t i o n  of t r i t i a t e d  water i s  n e g l i g i b l e  due t o  

t h e  long h a l f - l i f e  of t r i t i u m ,  1 2 . 4  yea r s .  

A mass ba l ance  of t h e  t r i t i a t e d  water i n  t h e  sphe re  l e a d s  t o  t h e  

p a r t i a l  d i f f e r e n t i a l  equa t ion :  

.......................................... 1) 1 6  2 6 C  

r 
- D  -- (r g) 6C 

6 t  e 2 6r 
- -  

where C = t h e  c o n c e n t r a t i o n  of t r i t i a t e d  water 

D = t he  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  of t r i t i a t e d  water  

t = t i m e  

r = d i s t a n c e  from c e n t e r  of porous sphere  

e 
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Figure 9. Schematic Diagram of Nass Transfer Experiment 
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A mass ba lance  a t  t h e  i n t e r f a c e  of t h e  two p a r t s  g i v e s :  

A$ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
dCf 

d t  
V - = - D  - 

where R 

A 

Cf = t h e  c o n c e n t r a t i o n  of t r i t i a t e d  water i n  t h e  surrounding f l u i d  

= t h e  r a d i u s  of t h e  sphere  

= the  s u r f a c e  area of t h e  sphere ,  i .e. ,  4 ~ r R  2 

= the  p o r o s i t y  of t h e  sphere  

V = volume of the  surrounding f l u i d  

The i n i t i a l  and boundary c o n d i t i o n s  are as  f o l l o w s :  

( a )  t h e  c o n c e n t r a t i o n  w i t h i n  t h e  porous  sphere  and t h a t  i n  t h e  

surrounding f l u i d  are  i n i t i a l l y  C 

when t = 0 

and C f i ,  r e s p e c t i v e l y ;  t h a t  i s ,  i 

C = C .  f o r  r < R 
1 

- f o r  r Z R ‘f - ‘ f i  - 
(b) a t  t h e  i n t e r f a c e  between t h e  sphere  and surrounding f l u i d ,  t h e  

c o n c e n t r a t i o n  is  cont inuous;  t h a t  i s ,  

when r = R 

C = C  f o r t > O  f - 

For s i m p l i c i t y ,  t h e  fo l lowing  s e t  of d imensionless  q u a n t i t i e s  i s  

in t roduced  : 

c - c  x = c  i 

f i  - ‘i 

Cf - ci 
C f i  - ci 

R2  

Y =  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  D t  0 =  e - 
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S u b s t i t u t i n g  equa t ion  (3) i n t o  e q u a t i o n s  (1) and ( 2 )  g i v e s :  

6x 1 6 2 6X 
60 A2 6 1  - = - -  X . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . ( 4 )  

- -  dY --q 
d0 Bh A=l .........................................,....(5) 

The i n i t i a l  and boundary c o n d i t i o n s  become: 

( a )  when 8 = 0 

x = o  
Y = l  

(b )  a t  h = 1 

A t r ans fo rmat ion  Z = AX i.s in t roduced  i n t o  equa t ions  ( 4 )  and (5) .  

se t  of two l i n e a r  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  w i t h  c o n s t a n t  c o e f f i c i e n t s  

are ob ta ined .  

A 

- -  
X=l . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ( 7 )  

The i n i t i a l  and boundary c o n d i t i o n s  become: 

(a) when 0 = 0 

z = o  

Y = l  

(b) a t  X = 1 

Z = Y f o r  8 > 0 

(c) a t  h = 0 

Z = 0 f o r  0 > 0 
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The Laplace t r ans fo rma t ion  of equa t ions  (6)  and ( 7 )  and t h e  i n i t i a l  

and boundary c o n d i t i o n s  w i t h  r e s p e c t  t o  6 y i e l d s :  

- d ’? 
SZ = 7 ...................................................... 8) 

- ...................................... ( 9 )  X = l  SY - 1 = -a($ - z) I 

Solving equat ion  (8) w i th  boundary c o n d i t i o n  (b) l e a d s  t o :  

- 
Z = 2a s i n h  (s112X) .......................................... (10) 1 

where a i s  a c o n s t a n t ,  and can b e  determined through equa t ion  (9)  and 

boundary c o n d i t i o n  (a) as fo l lows  : 

1 

(11) - 1 - ............... 
2 i(. - a) s i n h  (sli2) + cosh (s”~)] 

Combining equa t ions  (10) and (11) g ives :  

- - 
Employing t h e  t r ans fo rma t ion ,  Z = AX, and equa t ion  ( 1 2 ) ,  X can b e  w r i t t e n  a s :  

............( 13) - s i n h  (s”‘X) X ( S , X )  = 
aX [ (-& si - I) s i n h  (s112) + s1I2 cosh (s1I2)] 

1 / 2 )  .......................( 14) - s i n h  (sli2A) j s i n h  (s - 
aX [(t - 1) + co th  ( s l i 2 ) ]  

The i n v e r s e  Laplace  t ransforms of x can be  ob ta ined  by means of  t h e  

r e s i d u e  t h e o r y ,  
- - 

X ( s , X )  h a s  a f i r s t  o rde r  p o l e  a t  S = 0. Moreover, X ( s , h )  has  a n  

i n f i n i t e  number of f i r s t :  o r d e r  p o l e s ,  namely, t h e  p o i n t s  where 

S 

a - - 1 + s112 c o t h  ( s ’ ’ ~ )  = 0 
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o r ,  t h e  p o i n t s  where S = -y 2 , a n d  yn s a t i s f i e s  
n 

2 
y,cotyn = 1 i - y* 

a 
and,  n = 1 , 2  ...m 

a t  S = 1) t h e  r e s i d u e  i s  

3 s s i n h  (s'!~ A) e'' 1 i m  
S+o ($4 [ (t - 11 s i n h  ( s " ~ )  + 
2 

cosh  ( s 

a t  S = -Yn t h e  r e s i d u e  i s  

+ -  '"1 
x 

Eence, t h e  i n v e r s e  Laplace t r ans fo rm of x ( S , Y )  can be  ob ta ined  by summing 

t h e  above r e s i d u e s :  

-1 - 1 x ( e , u  = L 1 m,q 
s i n  (Y,X) e -Yn 2 8 

yn2 j [(a + 3)  + - 
3 . . . . . . . . . . . . . ( 1 5 )  - 2 s i n  (yn) r 

- -  
n = l  

a + 3 + x  

c1 

Y ( e )  equa l s  X ( 6 , X )  when X = 1, and can  b e  w r i t t e n  a s  fo l lows :  

e ...........................(16) 
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COMPUTATIONAL RESULTS 

Both t h e  f r o n t  and a n a l y t i c a l  models were s imula ted  by computer. 

The parameters  involved i n  t h e  model were estimated based on t h e  labora-  

t o r y  exper imenta l  system, p re l imina ry  exper imenta l  d a t a ,  and t h e  l i t e r a t u r e  

a v a i l a b l e .  The numerical  v a l u e s  f o r  t h e  parameters  were a s  fo l lows :  

R = 1.00 i n .  

@ = 0 . 2 0  

V = 3.00 l i t e r  

D = 2 .44  X c m  /sec. 2 

2 D = - -  - 1 . 7 3  X l o m 5  cm / s e c .  
e 2  

The s i m u l a t i o n  r e s u l t s  f o r  t r i t i a t e d  water concen t r a t ion  i n  t h e  

sur rounding  f l u i d ,  Y ,  wi th  r e s p e c t  t o  t i m e ,  8 ,  are shown i n  F igu re  10. 

The r e s u l t s  i n d i c a t e  t h a t  t h e  f r o n t  model does n o t  r e p r e s e n t  t h e  system 

w e l l ,  e s p e c i a l l y  f o r  long  pe r iods  of t i m e .  The s i m u l a t i o n  r e s u l t s  a l s o  

sugges t  t h a t  t h e  surrounding concen t r a t ion  is  almost  c o n s t a n t .  E f f o r t s  

a r e  be ing  made t o  i n c o r p o r a t e  t h e  f i l m  c o e f f i c i e n t  i n  t h e  mathematical  

model by assuming c o n s t a n t  c o n c e n t r a t i o n  i n  t h e  sur rounding  f l u i d ,  

MASS TRANSFER EXPERIMENTS 

Pre l iminary  mass t r a n s f e r  experiment  r e s u l t s  a r e  shown on F i g s .  

11 and 1 2 .  F igure  11 shows t h e  soaking  curve  of t h e  s y n t h e t i c  s p h e r i c a l  

rock  i n  water .  It can be  seen  t h a t  a f t e r  f o u r  hours  of soaking,  t h e  

weight of t h e  sphe re  s a t u r a t e d  wi th  wa te r  w a s  a lmost  c o n s t a n t .  I n  t h e  

t r i t i a t e d  water t r a c e r  experiment ,  t h e  sphe re  was s a t u r a t e d  i n  t h e  same 

way and immersed i n  a completely mixed tank  o f  water. 

t r i t i a t e d  water w a s  measured by a l i q u i d  s c i n t i l l a t i o n  counter  as a f u n c t i o n  

of  t i m e  a s  shown i n  Fig.  11. The exper imenta l  d a t a  were matched wi th  

The concen t r a t ion  of  
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a mathematical model. 

synthetic spherical rock was evaluated to be 0.37 X 10 cm /sec. This value 

is in the same order as the molecular diffusivity of tritiated water. There- 

fore, it is concluded that the mass transport mechanism in the intrasphere 

region is mainly molecular diffusion. Further experiments are to be run 

The effective diffusivity of tritiated water in the 

-5 2 

under rigorous temperature control. 

HEAT TRANSFER EXPERIMENTS 

The schematic diagram of heat transfer studies is shown in Fig. 13.  

Before conducting transient heat transfer experiments, it was necessary to 

calibrate the heat loss from the experimental system, which was insulated 

from the environment by polystyrene foam. 

this purpose. A simplified "lunped parameter" analysis of the problem was 

made, in which the various masses of water and glass were considered to 

be at uniform temperature. 

The experiments were made for 

The mathematical model for cooling experiments was obtained from 

an energy balance for the experimental system, i.e., 

dT MC - = -hA (T -T,) dt 

where MC = heat capacity of the experimental system 

T = temperature of the system 

T, = temperature of the environment 

hA = heat transfer coefficient-area product for the system 

Solving the above equation with the initial condition T = T at t = 0 yields i 

hA In (T - T,) = - - + In (Ti - T,) MC 

Experimental results are shown in Figs. 14 and 15. The heat 

transfer coefficient-area product for the system can be found from 

the slope, and is about 0.6 to 0.7 BTU/hr-OF. Future efforts will be 
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d i r e c t e d  t o  a s tudy  of t h e  h e a t  t r a n s f e r  from t h e  sphe re  t o  t h e  e x t e r n a l  

f l u i d  . 
The rate  equa t ion  f o r  h e a t  t r a n s f e r  from t h e  sphe re  t o  water  can 

b e  expressed a s :  

q = hA (Ts - Tw) 

The energy ba l ance  f o r  t h e  wa te r  can b e  w r i t t e n  as: 

- 4  
dTW 

cw de - 

A combinat ion of t h e  energy ba l ance  and t h e  ra te  equa t ion  r e s u l t s  i n :  

dTW 
C -- = hA (Ts - Tw) .......................................... 17) w dB 

where Cw = h e a t  capac i ty  o f  water 

T = temperature of water 

Ts = t empera ture  of sphe re  

h A  = h e a t  t r a n s f e r  c o e f f i c i e n t- a r e a  product  

0 = time 

W 

Assuming t h e  exper imenta l  system i s  i s o l a t e d  from t h e  sur roundings  ~ t h e  

fo l lowing  r e s u l t  i s  ob ta ined :  

where Cs = h e a t  capac i ty  of t h e  sphe re ,  and 

Twi = i n i t i a l  t empera ture  of  water 

Tsi = i n i t i a l  t empera ture  of  t h e  sphe re  

From equat ion  (18) 

1 cw L e t  j~ = - 
cs cs 

crW - T ~ ~ )  + T~~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (~g) 
1 T = - -  Thus : 

S 

c S  
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S u b s t i t u t i n g  e q u a t i o n  (19) i n t o  (17 )  y i e l d s :  

..........................(ZO) 
W 

c - =  W M [(T - a(Tw - Twi) - s i  w d e  

Rearranging equa t ion  ( 2 0 )  y i e l d s :  

d(T, - Twi) 
- T .) + hA (Tsi - Ti) ......( 2 1 )  

cW de 
L 

S 

* Tw - T w i  
L e t  T = and equa t ion  ( 2 1 )  becomes : - T  

Tsi w i  

and e q u a t i o n  ( 2 2 )  becomes: * me 
cW 

L e t  f3 = - 

* 
W 

s u b j e c t  to T 

Solving equa t ion  (23)  w i t h  t h e  above i n i t i a l  c o n d i t i o n  g i v e s :  

= 0 a t  e* = 0. 

L 
S 

o r  

or 

= - ($+ 1) e* 
S 

s 

An [k - "1 u c  -hA e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ( 2 4 )  

s 
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The exper imenta l  r e s u l t s  are p l o t t e d  on Figure  1 6  and are matched 

2 
wi th  equa t ion  (24).  

seconds ,  and as 214.2 B W / f t  h r  f o r  t h e  l a t t e r  t h i r t y  seconds.  

"h" i s  es t ima ted  as  141 .1  BTU/ft h r  f o r  t h e  f i r s t  t h i r t y  

2 The change 

i n d i c a t e s  t h a t  a more s o p h i s t i c a t e d  pa ramet r i c  model must be  developed. 

Type curves  w i l l  be developed t o  match t h e  d a t a  shown i n  F ig .  1 7 ,  and used 

t o  e v a l u a t e  t h e  thermal  c o n d u c t i v i t y  of t h e  rock sphere .  

P re l iminary  exper iments  have been conducted f o r  bo th  mass t r a n s f e r  

and h e a t  t r a n s f e r  from a s i n g l e  porous rock t o  t h e  surrounding f l u i d .  

t r a n s f e r  due t o  both  h e a t  and mass t r a n s f e r  mechanisms were analyzed.  

Energy 

The 

t r a n s p o r t  process  may b e  d i v i d e d  i n t o  two s t e p s :  (1) i n t r a s p h e r e  t r a n s p o r t ,  

and (2) i n t e r f a c e  t r a n s p o r t .  It appears  t h a t  h e a t  t r a n s f e r  i s  t h e  dominant 

mechanism f o r  energy t r a n s f e r  from a h o t  porous sphere  t o  t h e  surrounding 

f l u i d  . 

INTRASPHERE TRANSPORT 

Heat t r a n s f e r  i n s i d e  t h e  porous sphere  i s  p r i m a r i l y  c a r r i e d  o u t  

by conduct ion i n  t h e  micropore water and t h e  rock m a t r i x .  

thermal  conduc t iv i ty"  may be used f o r  t h i s  mechanism. 

An " e f f e c t i v e  

This i n t r a s p h e r e  

e f f e c t i v e  

where T = 

a =  

e =  
r =  

d i f f u s i o n  

i z e d  by a 

conduct ion p rocess  can be  d e s c r i b e d  by: 

- i a  2 a T  a T  = a -- ( r K )  ............. . ........................... . (25)  
2 ar r 

temperature ,  

e f f e c t i v e  thermal d i f f u s i v i t y  of  porous sphere  s a t u r a t e d  w i t h  water, 

t i m e ,  and 

d i s t a n c e  from c e n t e r  of  porous sphere .  

The m a s s  t r a n s f e r  i n s i d e  t h e  porous sphere  is  mainly due t o  molecular  

of t h e  micropore water. 

parameter ,  D e ,  which i s  t h e  e f f e c t i v e  d i f f u s i v i t y .  

The r a t e  of t h i s  p rocess  can be c h a r a c t e r-  

T h i s  i n t r a s p h e r e  
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mass t r a n s f e r  process  can b e  r ep re sen ted  by a mathematical  model similar 

t o  equa t ion  (26 ) :  

(26) ac 1 a 2 a c  ........................................... 
z = D e T s ( r  . r  z) 

where C = c o n c e n t r a t i o n  of t r i t i a t e d  water  

De = i n t r a s p h e r e  e f f e c t i v e  d i f f u s i v i t y  of  t r i t i a t e d  water  

It is  assumed t h a t  no t r a n s p o r t  r e s i s t a n c e  e x i s t s  a t  t h e  i n t e r f a c e  

when i n t r a s p h e r e  t r a n s p o r t  i s  cons idered .  Equat ions (25) and (26) can b e  

w r i t t e n  i n  d imens ionless  v a r i a b l e s  as: 

. . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . ( 2  7) 

2 a c* = “2 1 F( a r * 2  2) ac* 
(28) ........................................ 

r ar m 

* T -  T w i  
T - T  s i  w i  

where T = 

‘wi 

si wi 

* c -  c =  
c - c  

* 8 = -  “ , Four i e r  Number 
r2 

* D C I  

R2  

0 = e  m -  

R = r a d i u s  of t h e  porous sphe re  

Equat ions (27) and (28) have t h e  same s o l u t i o n .  Thus, t h e  d imens ionless  

t i m e s ,  eh and em, should b e  t h e  same f o r  r each ing  t h e  fo l lowing cond i t i ons :  
* * 

(T - Twi) = 0.1  (Tsi - Twi), and 

(C - CWi) = 0.1 (CSi - CWi) 
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The e f f e c t i v e  thermal  d i f f u s i v i t y  can b e  approximated a s  

8.75 X cm2/sec. The e f f e c t i v e  mass d i f f u s i v i t y  of t r i t i a t e d  water  

is about  9.37 X l o m 5  cm /sec from p re l imina ry  exper imenta l  d a t a .  2 Therefore ,  

t h e  r a t i o  of real times r e q u i r e d  f o r  r each ing  (T - Twi) = 0 .1  (Tsi - Twi) 

and (C - Cwi) = 0.1  (Csi - Cwi) i s :  

= 4.07 x - -  'h - 1 o - ~  
em 8.75 X 

From t h e  p re l imina ry  experiments ,  8 = 80 sec and 0 = 5,000 min. Therefore ,  
h m 

a 

- "h - - = 2 . 7  10-4 5,000 min 0 
80 sec (1 min/60 s e c )  

m experiment 

This  sugges t s  t h a t  h e a t  t r a n s f e r  i s  accomplished much f a s t e r  t han  mass 

t r a n s f e r  . 

INTERFACE TRANSPORT 

Forced h e a t  convect ion  from a sphe re  can be  computed from t h e  

fo l lowing r e l a t i o n :  

1/3 

- -  - 2.0 + (+)f . . . . . . . . . . . . . . . . . . . . . . . . . . . ( 2 9 )  
DVmPf c p htD 

kf 

htD 

kf 
where - = Nu , Nussel t  number 

DVm Pf 

pf 
- =  R e  , Reynolds number 

%!! 
k = P r  , P r a n d t l  number 

Equation (29) r e q u i r e s  Nu = 2 f o r  a mot ionless  f l u i d .  The subsc r ibe  "f" 

r e p r e s e n t s  t h e  p rope r ty  of a f l u i d .  

sphe re  can b e  e s t ima ted  from: 

S i m i l a r l y ,  forced  mass t r a n s f e r  from a 
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- Sh , Sherwood number where - - hmD 

PfDe 

, = sc , Schmidt number 
L_ 

pD e 

This  equa t ion  a l s o  p r e d i c t s  Sh = 2.0 f o r  a mot ion le s s  f l u i d .  

The l i m i t i n g  case when t h e  f l u i d  is  mot ionless  may be  used t o  

compare t h e  r e l a t i v e  importance of mass and h e a t  t r a n s f e r  f o r  i n t e r f a c e  

energy t r a n s f e r  a t  l o w  Reynolds numbers. For t h i s  ca se ,  w e  can o b t a i n  t h e  

f o l l o w i n g  r e l a t i o n  from equa t ions  (29)  and (30) .  

Nu = Sh = 2.0 

o r  htD h D 
2 .0  m - = ..- = 

kf p f D  e 

The numerical  va lues  used f o r  t h e  p h y s i c a l  c o n s t a n t s  are  a s  fo l lows :  

D = 2 i n  = 5.08 c m  

k = 0.343 BTU/hr-f t-OF f 

pf  = 1 gmlcc 

-5 2 D = 10 cm / s e c  
e 

The re fo re ,  both h e a t  and mass t r a n s f e r  c o e f f i c i e n t s  can be  es t imated  

a s  fo l lows :  

2 .  Okf - - - =  2 . 0  X 0.343 BTU/hr-ft-F = 4,12 sm,hr-ft2-oF 
ht D 2 x 1 / 1 2  f t  

-6 g 
3 2 

2 2 = 3.79 x 10 2 * o  Pf De - - 2.0  x 1 p /cm x c m  /sec 

cm -sec 
h =  

5.08 c m  m D 

l b  

f t 2  -hr 
= 2.79 x l om2  

The energy t r a n s p o r t  due t o  h e a t  t r a n s f e r ,  p,, can b e  w r i t t e n  as: 

q t  = ht A A T ................................................ (31) 
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The energy  t r a n s p o r t  due t o  mass t r a n s f e r ,  &, can be  wr i t ten  a s :  

= hm A A T C ............................................. 3 2 )  
P 

The r a t i o  of energy t r a n s f e r  due  t o  t h e s e  two d i f f e r e n t  mechanisms can be 

ob ta ined  from equa t ions  (31) and (32) as: 

= 1 4 8  .....,..................( 33) ht 4.12 

%I hm ‘p 2.79 x x 1.0  
_ - =  q t  - -  

From e q u a t i o n  ( 3 3 ) ,  t h e  energy t r a n s f e r  a t  the i n t e r f a c e  i n  t h e  low Reynolds 

number r e g i o n  i s  mainly a r e s u l t  of  h e a t  t r a n s f e r .  The mass t r a n s f e r  mecha- 

nism can b e  neg lec t ed .  

In  t h e  second case ,  when t h e  f low regime i s  i n  a h igh  Reynolds 

number r eg ion ,  t h e  l a s t  terms on t h e  r ight- hand s i d e  of equa t ions  (29) and 

( 3 0 )  are much l a r g e r  than  2.0. Therefore ,  t h e  fo l lowing approximations 

hold  : 

1 1 
7- 3- 

Nu f 0.6 (Re) (Pr )  

Sh 5 0.6 (Re) (Sc) 
1 1 

2 3 
- - 

o r  : 

The numerical  v a l u e s  f o r  P r  and Sc of  water can be  c a l c u l a t e d  as :  

IO-’ g/cm sec 
S c = - J - - =  = i o 3  ................ (36) 

P De (1 g/cm3) (10-5 cm2/sec) 

S u b s t i t u t i n g  equa t ions  (35) and ( 3 6 )  i n t o  e q u a t i o n  ( 3 4 1 ,  y i e l d s :  

1 - -  - -  
Nu Sh ( ;A:6) 7 = 0.192 
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o r  : htD 

k = 0,192 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (37)  
hmD 

Rearranging equa t ion  ( 3 7 ) y i e l d s :  

- ht - - 
h 

0.192 k 
m P De 

The r a t i o  of  energy t r a n s f e r  due t o  h e a t  and mass t r a n s f e r  can  b e  e s t i m a t e d  as: 

0.192 k - - - -  --- ht - q t  

gm h C  m P  P D e  ‘p 

(0.192) ( 0 . 3 4 3 )  Btu/hr-ft-F - - 
1 g/cm3 x lo-’ cm’/sec x 1 Btu / lb  F x 3600 s e c / h r  x lb/450g x 12cm/f t  

= 65.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ~ 3 8 )  

Equation (38) s u g g e s t s  t h a t  energy t r a n s f e r  a t  t h e  i n t e r f a c e  i s  mainly a 

r e s u l t  of  h e a t  t r a n s p o r t ,  r a t h e r  t h a n  mass t r a n s p o r t .  
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MATHFAMATICAL MODELLING 

Work done on t h e  mathematical  model l ing  of two-phase f low s i n c e  

June, 1 9 7 4  has  taken two main d i r e c t i o n s .  The f i r s t  of t h e s e  is  a s tudy  

and e v a l u a t i o n  of t h e  fundamental c h a r a c t e r i s t i c s  of nonisothermal  two- 

phase b o i l i n g  f low i n  porous media. S p e c i f i c a l l y  t h i s  i nvo lves  a n  examina- 

t i o n  of  t h e  v a l i d i t y  of t h e  Darcy l a w  f o r  mult i- phase f low under nonisothermal  

c o n d i t i o n s .  

f o r  t h e  l a b o r a t o r y  de t e rmina t ion  of t h e  a p p r o p r i a t e  form of t h e  nonisothermal  

f low r a t e  equat ion .  The second d i r e c t i o n  h a s  been t o  develop p l ans  f o r  t h e  

re f inement  and g e n e r a l i z a t i o n  of t h e  numerical  s i m u l a t i o n  computer program 

desc r ibed  i n  Progress  Report  No. 3 ( a u g e r  and Ramey, 1974) .  

FLJNDAMENTAL CHARACTERISTICS OF NONISOTHEEMAL FLOW I N  POROUS MEDIA 

It a l s o  has  t h e  purpose of developing  a t h e o r e t i c a l  founda t ion  

One t r a d i t i o n a l  approach t o  d e s c r i b i n g  nonisothermal  f low p roces ses  

i n  porous media has been t o  u s e  concepts  from t h e  i so the rma l  f low s i t u a t i o n  

and t o  extend them to  t h e  more complicated noniso thermal  s i t u a t i o n .  

t h e  Darcy l a w  f o r  s i n g l e-  and mult i- phase f low is  combined wi th  equa t ions  

of s t a t e  and a s t a t emen t  of mass conse rva t ion .  A s  a consequence of t h e  

nonuniform temperature f i e l d ,  an  e q u a t i o n  d e s c r i b i n g  conse rva t ion  of energy 

must a l s o  be p re sc r ibed .  

Darcy l a w  seems t o  have been widely neg lec t ed  (e .g. ,  Mil ler ,  1951; 

Landrum e t  a l ,  1960; Wilman e t  a l ,  1961; Lasseter and Witherspoon, 1974) .  

Recent exper imenta l  work on t h e  e f f e c t  of tempera ture  on both  s i n g l e-  and 

two-phase f low i n  porous media  sugges t s  t h a t  such e f f e c t s  may b e  too g r e a t  

t o  be  neg lec t ed .  

page 1 7 ) ,  a l though t h i s  review does n o t  i n c l u d e  t h e  r e s u l t s  of Cassi? 

(1975).  

Thus, 

The p o s s i b i l i t y  of a tempera ture  e f f e c t  on t h e  

These r e s u l t s  have been reviewed by Ramey e t  a1 (1974, 
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Thus, t h e r e  is a need f o r  a fundamental examinat ion of t h e  n a t u r e  

of nonisothermal  f l u i d  f l ow i n  porous media. The proposed work desc r ibed  

i n  t h i s  s e c t i o n  w i l l  have t h e  purpose of l a y i n g  t h e  t h e o r e t i c a l  groundwork 

of what u l t i m a t e l y  must b e  a n  exper imenta l  v e r i f i c a t i o n  of  some form of 

t r a n s p o r t  l a w  f o r  noniso thermal  f l u i d  f l ow i n  a porous medium. Hence, 

i t  w i l l  undoubtedly l e a d  t o  exper imenta l  work which w i l l  complement t h e  

o t h e r  experiments  be ing  c a r r i e d  o u t  i n  t h i s  r e s e a r c h  p r o j e c t .  

The approach t o  t h i s  problem t h a t  w i l l  be  used w i l l  be  t o  

hypo thes i ze  a form of t h e  Darcy l a w  as be ing  v a l i d  f o r  nonisothermal  

flow, f o r  example: 

-k.(Si,  T ,  w e t t i n g  h i s t o r y )  

'i 

1 v =  
i 

where v i s  t h e  macroscopic v e l o c i t y  of  t h e  i t h  f l u i d  i n  t h e  s - d i r e c t i o n ,  i 

k .  i s  t h e  e f f e c t i v e  p e r m e a b i l i t y  t o  t h e  i t h  f l u i d  ( f o r  an i s o t r o p i c  
medium), 

vi i s  t h e  v i s c o s i t y  of  t h e  i t h  f l u i d ,  

S .  i s  t h e  vo lume t r i c  f l u i d  s a t u r a t i o n  of  t h e  i t h  f l u i d ,  

T 

P i  

s 

p .  i s  t h e  d e n s i t y  of t h e  i t h  f l u i d ,  

g 

1 

i s  t h e  l o c a l  tempera ture  of  t h e  medium when viewed as a continuum, 

is  t h e  p r e s s u r e  of  t h e  i t h  f l u i d ,  

i s  a d i r e c t i o n  v e c t o r  a long  a n  a r b i t r a r y  curve ,  

1 

i s  t h e  a c c e l e r a t i o n  due t o  g r a v i t y ,  

and h i s  t h e  v e r t i c a l  h e i g h t  above some datum. 

For s ingle- phase  f low,  i would be 1 on ly ,  and t h e  pe rmeab i l i t y ,  ki, would 

be  a f u n c t i o n  of tempera ture  o n l y .  This  r e l a t i o n  has  been found t o  b e  

v a l i d  t o  a good approximation f o r  i so the rma l  f low w i t h i n  c e r t a i n  l i m i t s  

on t h e  f lowing  c o n d i t i o n s  (Scheidegger ,  1960) .  The l o g i c a l  e x t e n s i o n  of  

Darcy' s l a w  t o  noniso thermal  f low d i scussed  h e r e  i m p l i c i t l y  assumes t h a t  
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t h e  p r e s s u r e  ar,d g r a v i t a t i o n a l  p o t e n t i a l s  are  t h e  o n l y  ones causing 

f l u i d  motion i n  t h e  porous medium. However, i t  i s  known, f o r  example, 

t h a t  mass t r a n s p o r t  w i l l  occur  i n  porous media a t  low l i q u i d  s a t u r a t i o n s  

i n  response  t o  a t empera ture  g r a d i e n t .  Th is  i s  c a l l e d  thermo-osmosis by 

C o l l i n s  (1961, page 581, and is  a p p a r e n t l y  n o t  f u l l y  unders tood .  Thus 

i t  can  b e  s e e n  t h a t  even t h e  above hypothesized form of a Darcy l a w  f o r  

nonisothermal  f low is  known t o  b e  i n c o r r e c t  under c e r t a i n  c o n d i t i o n s ,  and 

t h a t  under such c o n d i t i o n s  a n  alternate form of  t r a n s p o r t  l a w  must b e  

developed. 

Two main approaches  w i l l  b e  used i n  t h e  proposed s tudy .  The 

f i r s t  w i l l  b e  a fundamental examinat ion of t h e  r a t e  equa t ion  i t s e l f .  

The second approach w i l l  be  t o  develop a n a l y t i c  s o l u t i o n s  t o  r e l a t i v e l y  

s imple  f low systems. These r e s u l t s  w i l l  b e  developed i n  o r d e r  t o  app ly  

them t o  exper imental  work s o  a s  t o  de te rmine  t h e  a p p r o p r i a t e  form of t h e  

ra te  equa t ion .  

i s o t h e r m a l  s ingle- phase f low w i l l  b e  cons idered  i n i t i a l l y  as a s i m p l i f y i n g  case. 

U l t i m a t e  emphasis w i l l  be  on two-phase f low,  a l though  non- 

There a re  two g e n e r a l  t h e o r e t i c a l  approaches  a v a i l a b l e  f o r  

examining t h e  form of t h e  ra te  e q u a t i o n .  I n  g e n e r a l  a r a t e  e q u a t i o n  

i s  a macroscopic d e s c r i p t i o n  of  p h y s i c a l  phenomena o c c u r r i n g  on a 

microscopic  scale.  The f i r s t  t h e o r e t i c a l  approach cou ld  be t h e  macroscopic 

view of i r r e v e r s i b l e  thermodynamics. T h i s  could b e  used as a b a s i s  f o r  

hypothes iz ing  t h e  form and c o n t e n t  of t h e  rate  e q u a t i o n  f o r  noniso thermal  

f low i n  porous media,  The theory  f o r  t h i s  approach h a s  r e c e n t l y  been 

reviewed by Luikov (1966, pages 13-23) , and Bear (1972, pages 85-90). 

The second t h e o r e t i c a l  approach a v a i l a b l e  f o r  s tudy ing  t h e  form of t h e  

r a t e  equa t ions  i s  what can b e  c a l l e d  t h e  microscopic  approach. Equat ions  

d e s c r i b i n g  t h e  small scale p h y s i c a l  phenomena a re  developed t h e n  averaged 
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in space to represent a continuum description. For example, the form of 

Darcy's law for single-phase isothermal flow can be deduced from a 

microscopic consideration of mass, momentum, and energy conservation 

(Muskat, 1937; Hubbert, 1940; Bear, 1972). 

Although these methodologies are useful for suggesting the 

form that the rate equations might take, they must ultimately be verified 

in the laboratory. The phenomenological coefficients in these rate 

equations must always be determined experimentally. 

experimental determination of flow coefficients can be fraught with 

difficulties. For example, the measurement of bulk fluid saturation 

in multi-phase flow experiments mustusuallybe done indirectly, and 

methods which are used for isothermal flow become difficult to apply 

under conditions of nonisothermal boiling flow. The capacitance saturation probe 

described elsewhere in this report is being developed with the purpose 

of overcoming some of these difficulties. 

- 
Unfortunately such 

On the basis of theory describing isothermal two-phase flow 

it should be possible to develop analytic methods for determining the 

form of nonisothermal rate equations directly from simple experimental 

results. This basis is the frontal advance theory proposed by Buckley 

and Leverett (1942), and later extended to dynamic displacement determinations 

of relative permeability by Welge (1952), and Johnson et.al. (1959). 

Such dynamic displacement determinations require the measurement of 

fluid in- and out-flows, and the pressure drop across the system as 

functions of time. They do not require in-place measurement of volumetric 

liquid saturation, and hence can be convenient to run. 

Under certain conditions it is possible to describe single- 

phase nonisothermal flow in porous media in a manner directly analagous 
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t o  t h e  theory  of Buckley and L e v e r e t t .  Furthermore,  t h e  analogy can 

be cont inued and a l s o  a p p l i e d  t o  s ing le- phase  dynamic displacement  

exper iments  of ho t  o r  co ld  f l u i d  i n j e c t i o n .  Under l i m i t i n g  c o n d i t i o n s  

t h e  temperature  e f f e c t  on s ing le- phase  p e r m e a b i l i t y  can a c t u a l l y  be 

determined by a dynamic experiment analogous t o  t h a t  of Johnson e t  a l .  

Under more g e n e r a l  c o n d i t i o n s  numerical  t echn iques  (Squire ,  1 9 7 0 )  are  

a v a i l a b l e  f o r  determining t h e  s ingle- phase  p e r m e a b i l i t y  as a f u n c t i o n  

of  temperature .  I n  each case t h e  dynamic displacement  procedure  r e q u i r e s  

t h e  measurement of only in -  and out- f lows,  and t o t a l  p r e s s u r e  drop 

a c r o s s  t h e  system. These procedures  produce r e s u l t s  c h a r a c t e r i s t i c  of 

nonisothermal  f low. 

measurements of the  e f f e c t  of temperature  on pe rmeab i l i ty  have been under 

i so the rmal  f lowing c o n d i t i o n s  on ly .  

This  i s  i n  c o n t r a s t  t o  the f a c t  t h a t  up u n t i l  now a l l  

Even though t h e  e v a l u a t i o n  of nonisothermal  s ingle- phase  p e r m e a b i l i t y  

can be  accomplished w i t h  more s imple  a n a l y s i s  than  t h a t  r e q u i r e d  f o r  t h e  

above desc r ibed  procedures  (by a d d i t i o n a l l y  measuring p r e s s u r e  and tempera- 

t u r e  p r o f i l e s ) ,  t h e r e  i s  good reason  f o r  developing t h i s  dynamic displacement  

theory  f u r t h e r .  

p e r m e a b i l i t y  under nonisothermal  f lowing c o n d i t i o n s  could  be  developed us ing  

i t .  

a l s o  e x i s t s .  This could reduce (bu t  n o t  e l i m i n a t e )  t h e  p r e s e n t  need f o r  

Methods f o r  i n - s i t u  f i e l d  measurement of s ingle- phase  

The p o s s i b i l i t y  f o r  extending such methods t o  two-phase b o i l i n g  f low 

measuring p r e s s u r e  and vo lumet r i c  l i q u i d  s a t u r a t i o n  p r o f i l e s  a long l a b o r a t o r y  

c o r e s .  
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NUMERICAL S I W A T I O N  

A numerical  s i m u l a t i o n  program was developed f o r  performance matching 

of  t h e  bench- sca le  experiments i m e d i a t e l y ,  and f o r  ex t ens ion  t o  f i e l d  

performance f o r e c a s t i n g  e v e n t u a l l y .  Some of  t h e  f e a t u r e s  and r e s u l t s  of 

t h i s  program were presented  i n  P rog res s  Report No. 3 (Kruger and Ramey, 

1974) .  A p r o j e c t  r e p o r t  on t h i s  computer model i s  be ing  prepared and w i l l  

be  i s s u e d  i n  t h e  next  q u a r t e r .  This  r e p o r t  w i l l  i nc lude  t h e  program, 

documentation, and o t h e r  example a p p l i c a t i o n s  than  presented  p rev ious ly .  

I n  keeping w i t h  RANN o b j e c t i v e s ,  t h e  program has a l r e a d y  been made a v a i l a b l e  

t o  personnel  o f  o t h e r  geothermal r e s e a r c h  p r o j e c t s  on r e q u e s t .  

Although t h e  model has been used s u c c e s s f u l l y  t o  match experiments  of  

Ar iha ra  ( 1 9 7 4 ) ,  and t o  o b t a i n  a b e t t e r  unders tanding  of t h e  dynamic behavior  

of t h e  experimental  geothermal model s t u d i e s  by Cady (1972), t h e r e  a r e  s e v e r a l  

drawbacks t o  o p e r a t i o n  of t h e  program i n  i t s  p re sen t  form. 

One of  t he  drawbacks of t h e  p r e s e n t  computer model i s  t h a t  i t  is  

sometines awkward t o  app ly  t o  r e a l i s t i c  phys i ca l  s i t u a t i o n s .  This i s  due 

t o  t h e  l i m i t a t i o n s  t h a t  o n l y  b o i l i n g  two-phase l i n e a r  f low can b e  desc r ibed ,  

and t h a t  i t  can handle on ly  a s p e c i f i c  set  of  boundary c o n d i t i o n s .  

n e i t h e r  t h e  development of a two-phase Elow r e g i o n  beginning  from t h e  

s ingle- phase  compressed l i q u i d  s ta te  can be  desc r ibed ,  nor can t h e  develop-  

ment of a s ingle- phase  superhea ted  steam zone beginning from t h e  two-phase 

Thus, 

b o i l i n g  s t a t e  be desc r ibed .  Both of t h e s e  t r a n s i t i o n s  are  of cons ide rab le  

p r a c t i c a l  i n t e r e s t .  S ince  bo th  of t h e s e  problems invo lve  a moving boundary, 

t he  problem of ob ta in ing  a numerical  s o l u t i o n  is  somewhat i nc reased .  However, 

approximate f i n i t e  d i f f e r e n c e  methods such a s  t hose  r e p o r t e d  by Coats e t  a 1  

(1974)  and Weinstein e t  a1 (1974)  could be  used. 

The model could e a s i l y  b e  extended t o  t h e  r a d i a l  f low geometry 

d e s c r i b i n g  the  flow t o  a s i n g l e  w e l l  i n  t h e  absence of v e r t i c a l  s e g r e g a t i o n  
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