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INTRODUCTION 

The S t a n f o r d  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  commenced a s  a n  i n t e r -  

d i s c i p l i n a r y  program i.n September, 1972. The broad o b j e c t i v e s  o f  t h i s  

program have been: 

(1) t h e  development o f  exper imenta l  and computat ional  d a t a  t o  e v a l u a t e  

t h e  optimum performance o f  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  n geothermal  r e s e r v o i r  model t o  e v a l u a t e  

important  thermophysical ,  hyd!rodynamic, and chemical  pa ramete r s  based on 

f lu id- energy- volume ba lances  a s  p a r t  o f  s t a n d a r d  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 o €  a n  explos ion- 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  i n- p l a c e  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  hydro-  

therma 1 r e s e r v o i r s .  

The p r o j e c t  was i n i t i a t e d  a s  a j o i n t  program between t h e  C i v i l  

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

Engineer ing  Department o f  t h e  School of  E a r t h  Sc iences .  During t h e  

p r e s e n t  y e a r ,  a s s i s t a n c e  was provided by t h e  Mechanical  Eng ineer ing  

Department of t h e  School of  Engineer ing.  Pe r sonne l  a s s o c i a t e d  w i t h  t h e  

p r o j e c t  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  r e p o r t  

a r e  : 

P r o f .  Pau l  Kruger ,  C i v i l  Engr. D e p t . ,  Co- Pr inc ipa l  I n v e s t i g a t o r  

P r o f .  Henry J .  Rarney, J r . ,  Pet roleum Engr. Dept . ,  Co- Pr inc ipa l  

P r o f .  Wil l iam E .  13righam, Pet roleum Engr. D e p t . ,  F a c u l t y  A s s o c i a t e  

P r o f .  A .  Louis  London, Mechanical  Engr. Dept.,  F a c u l t y  A s s o c i a t e  

Nr. Norio Arihara , ,  Pet roleum Engr. D e p t .  , Research A s s i s t a n t  

M r .  P a u l  Atkinson,  Pet roleum Engr. D e p t . ,  Research A s s i s t a n t  

M r .  F r a n c i s  J.  Casse ,  Pet roleum Engr. D e p t .  , Research A s s i s t a n t  

Mr. Hsiu-Kuo Chen, Petro:leum Engr. Dept . ,  Research A s s i s t a n t  

M r .  Stephen D.  Ch ico ine ,  Pet roleum Engr. D e p t . ,  Research A s s i s t a n t  

I n v e s t i g a t o r  



- 

4 . 
. 

M r .  Ans t e in  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, C i v i l  Engr. D e p t . ,  Research A s s i s t a n t  

M r .  Alan K. S t o k e r ,  C i v i l  Engr. D e p t , ,  Research A s s i s t a n t  

During t h e  c u r r e n t  annual  p e r i o d ,  r a p i d  development o f  s e v e r a l  a s p e c t s  

of t h e  r e s e a r c h  program occu r red  s imu l t aneous ly  ( i n  keeping wi th  t h e  ob- 

j e c t i v e s  o f  t h e  RAIYN program oE t h e  N a t i o n a l  Sc i ence  Foundat ion)  t o  b r i n g  

r e s e a r c h  r e s u l t s  t o  t h e  a t t e n t i o n  of  p o t e n t i a l  u s e r s .  A P r o j e c t  Review 

P r e s e n t a t i o n  t o  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 ie s  was h e l d  du r ing  May 1974. 

p r o g r e s s  r e p o r t  were d e s c r i b e d  at: t h a t  meeting. 

Much o f  t h e  r e s u l t s  g iven  i n  t h i s  

During t h e  c u r r e n t  annual  p e r i o d ,  both t h e  geothermal  chimney model 

and t h e  two-phase b o i l i n g  model were e s s e n t i a l l y  completed and p l aced  

i n t o  o p e r a t i o n .  Also completed was a f e a s i b i l i t y  s t u d y  of t h e  p o t e n t i a l  

of  n a t u r a l l y - o c c u r r i n g  radon a s  a t r a c e r  f o r  r e s e r v o i r  c h a r a c t e r i s t i c s .  

Experiments a r e  be ing  i n i t i a t e d  i n  s e v e r a l  r e l a t e d  a s p e c t s  of mass and 

h e a t  t r a n s f e r  i n  f r a c t u r e d  rock ,  and i n - p l a c e  b o i l i n g  i n  porous media. 

Continued e f f o r t  is; underway i n  t h e  development of t h e  mathematical  

s i m u l a t i o n  model o f  geothermal  r e s e r v o i r s .  

c r i b e d  i n  t h i s  prog , ress  r e p o r t .  

t h e  o b j e c t i v e s  of  t h i s  i n t e r d i s c i p l i n a r y  r e s e a r c h  program a r e  be ing  

developed i n  p a r a l l e l  t o  a c c e l e r a t e  t h e  a s s i m i l a t i o n  o f  t h e  r e s u l t s  i n t o  

t h e  emerging geothermal  energy i n d u s t r y .  

These developments a r e  des-  

The s e v e r a l  exper iments  t h a t  comprise 



THE GEOTHERMAL CHIMNEY MODEL 

Cur ren t  Design o f  t h e  Chimnely Model 

A d e s c r i p t i o n  of  t h e  geothermal  chimney model and an a n a l y s i s  o f  t h e  

d e s i g n  requ i rements  f o r  t h e  major components were d i s c u s s e d  i n  P r o g r e s s  

Report  No. 1. The major t e s t  o b j e c t i v e s  o f  t h e  model were a l s o  d e s c r i b e d  

i n  P r o g r e s s  Report  No. 1. 111 summary t h e  model was des igned  t o  i n v e s t i g a t e  

t h e  e f f e c t i v e n e s s  of  f r a c t u r e  s t i m u l a t i o n  o f  geothermal  r e s e r v o i r s  t o  

i n c r e a s e  t h e  e x t r a c t i o n  e f f i c i e n c y  of  geothermal  energy.  Exper imenta l  

d a t a  a re  being o b t a i n e d  on t h e  p r o c e s s e s  o f  i n - p l a c e  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  

media. The g e n e r a l  problems being examined i n c l u d e :  (1) c o n d i t i o n s  f o r  

optimum energy e x t r a c t i o n ,  (i!) methods of  c y c l i c  and con t inuous  r e c h a r g e ,  

( 3 )  d e t e r m i n a t i o n  of  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s ,  ( 4 )  w a t e r  q u a l i t y  

a s p e c t s  o f  produced g e o f l u i d s ,  and (5)  exper imenta l  d a t a  f o r  mathemat ica l  

models o f  s t i m u l a t e d  r e s e r v o i r s .  

Ana lys i s  o f  t h e  d e s i g n  requ i rements  f o r  t h e  chimney model i n d i c a t e d  

t h a t  a maximum d e s i g n  t empera tu re  of  500°F and p r e s s u r e  o f  800 p s i g  would 

be a n  a c c e p t a b l e  compromise between t h e  d e s i r e  t o  o p e r a t e  a t  t h e  h i g h e s t  

p r e s s u r e  and t empera tu re  c o n d i t i o n s  o c c u r r i n g  i n  n a t u r a l  geothermal  

r e s e r v o i r s  and t h e  need t o  minimize t h e  thermal  c a p a c i t a n c e  o f  t h e  meta l  

i n  t h e  model. 

a qu ick  opening d e v i c e  f o r  easy  access and l o a d i n g  of v a r i o u s  rock  

types .  However t h e  a v a i l a b i l i t y  of such d e v i c e s  f o r  o p e r a t i o n  and u s e  

i n  C a l i f o r n i a  a t  t h e  d e s i g n  c o n d i t i o n s  was unknown. S i n c e  s a f e t y  con- 

s i d e r a t i o n s  a r e  of  p r i m e  importance,  i t  was decided t o  b u i l d  t h e  system 

t o  meet a l l  S t a t e  of  C a l i f o r n i a  r equ i rements  on h igh  p r e s s u r e  v e s s e l s  

and t o  o b t a i n  an  o p e r a t i o n  p e r m i t  from t h e  S t a t e .  

It was a l s o  deemed d e s i r a b l e  t h a t  t h e  chimney model have 

A major requirement  o f  t h e  model was a hea tup  sys tem t o  e s t a b l i s h  

t h e  i n i t i a l  r e s e r v o i r  c o n d i t i o n s  of  t h e  rock-water  hydrothermal  system 

i n  t h e  chimney. It was concluded t h a t  t h e  most e f f e c t i v e  means o f  

a c h i e v i n g  t h i s  w i t h  a c c e p t a b l e  h e a t i n g  times was t o  c i r c u l a t e  ho t  wa te r  

through t h e  model a t  a r e l a t i v e l y  h i g h  r a t e  u s i n g  a c i r c u l a t i o n  pump and 
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a high-power e l e c t r i c  h e a t e r .  To, avo id  f l a s h i n g  i n  t h e  system, e s p e c i a l l y  

i n  t h e  c i r c u l a t i o n  pump and e l e c t r i c  h e a t e r ,  p r e s s u r i z a t i o n  w i t h  an  i n e r t  

gas  d u r i n g  t h e  heat . ing t r a n s i e n t  was r e q u i r e d .  P r o v i s i o n s  a l s o  had t o  

b e  made f o r  expansi.on of t h e  w a t e r  i n  t h e  system. These c o n d i t i o n s  l e d  

t o  t h e  u s e  o f  accumulators  w i t h  f r e e  s u r f a c e s  above which a n  i n e r t  g a s  

cou ld  be p laced .  

I n  t h e  f l u i d  p roduc t ion  mode o f  o p e r a t i o n ,  c o n t r o l  i s  r e q u i r e d  w i t h  

r e s p e c t  t o :  (1) chimney t empera tu re  and p r e s s u r e ,  ( 2 )  r a t e  o f  f l u i d  

recharge  and t empera tu re  o f  recharged f l u i d ,  and ( 3 )  a b i l i t y  t o  condense 

and measure t h e  produced f l u i d  o r  r e c y c l e  t h e  condensed f l u i d s .  

The system code requ i rements  were reviewed w i t h  t h e  S t a t e  of 

C a l i f o r n i a  agency i n  charge  o f  p r e s s u r e  v e s s e l s .  

promise t h e  s a f e  o p e r a t i o n  o f  t h e  sys tem t h e  h i g h e s t  s t a n d a r d s  were 

a p p l i e d .  The ASME code requ i rements  f o r  t h e  v a r i o u s  components a r e  

summarized i n  Table  1. 

I n  o r d e r  n o t  t o  com- 

Table  1 

Summarly of Chimney Model Code Requirements 

Component Code Requirements 

Chimney Vessel ABLE Power B o i l e r  Code, S e c t i o n  V I I I ,  
C i r c u  l a  t i o n  Hea t er D i v i s i o n  1, P r e s s u r e  Vessels. S p e c i f -  

i c a l l y ,  qu ick  opening d e v i c e  t o  s a t i s -  
f y  paragraph U G 3 5  of S e c t i o n  V I I I .  

Accumulators ASME Power Boi le r  Code, S e c t i o n  1. 
P i p  i n g  I n s t a l l a t i o n  accord ing  t o  ANSI 
Va l v e  s s t a n d a r d  B .31.1.0. 

S a f e t y  Valves ASME code stamped and r a t e d .  

I n s p e c t i o n  by t h e  s t a t e  i n s p e c t o r  i s  r e q u i r e d  on t h e  completion of  

system c o n s t r u c t i o n  and once a y e a r  t h e r e a f t e r .  

t h e  s u p e r v i s i o n  o f  and o p e r a t e d  by t r a i n e d  i n d i v i d u a l s .  

b o i l e r  o p e r a t i n g  p e r m i t  i s  n o t  r e q u i r e d  fior t h i s  e d u c a t i o n a l  and r e s e a r c h  

i n s t a l l a t i o n .  

h i g h- p r e s s u r e  s a f e t y  r e l i e f  system which w i l l  ven t  t h e  h igh p r e s s u r e  

The system i s  under 

However a power 

S a f e t y  f e a t u r e s  b u i l t  i n t o  t h e  chimney model i n c l u d e  a 
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. 
f l u i d s  t o  t h e  atmosphere i n  c a s e  of  a c c i d e n t a l  o v e r p r e s s u r i z a t i o n ,  and 

a n  emergency blowdown system t h a t  can  b e  ope ra t ed  manual ly from a remote 

l o c a t i o n  i s  inc luded .  

Although c e r t a i n  b a s i c  i .ns t rumenta t ion  requi rements  were r e a d i l y  

a p p a r e n t ,  t h e  f i n a l  i n s t r u m e n t a t i o n  and accuracy  r e q u i r e d  i s  be ing  

determined e m p i r i c a l l y  by exper ience .  Emphasis was t h e r e f o r e  p l aced  

on a c q u i r i n g  on ly  b a s i c  i n s t r u m e n t a t i o n  and r e c o r d i n g  equipment a t  

r e l a t i v e l y  low c o s t .  Upon ccmple t ion  of  i n i t i a l  t e s t  runs ,  t h e  a c t u a l  

measurement accuracy  ob ta ined  w i l l  b e  eva lua t ed  w i t h  r e s p e c t  t o  t h e  

requi rements  needed t o  ensure  t h e  o b j e c t i v e s  o f  t h e  program. Improve- 

ments a r e  env i s ioned  i n  t hose  a r e a s  where g r e a t e r  accuracy  i s  r e q u i r e d .  

The i n s t r u m e n t a t i o n  f o r  t h e  b a s i c  parameters  t o  be measured a r e  summarized 

i n  Table  2 .  

Table  2 

I n s t r u m e n t a t i o n  of  t h e  Chimney Model 

Q u a n t i t y  

Temp e r a  t u  r e Terminal  t empera tu re s  f o r  chimney model, 
e l e c t r i c  h e a t e r ,  condenser  

Water t empera tu re  d i s t r i b u t i o n  i n  chimney 

Rock t empera tu re  d i s t r i b u t i o n  

Metal  t empera tu re  d i s t r i b t u i o n  

P r e s s u r e  Chimney 
Sensors  

Ac cumu 1 a t  o r s 

Condenser 

Flow Rate  C i r c u l a t i o n  
Meters I n j  ec t  i on  

Condenser coo l ing  water  

P roduc t ion  f low r a t e  ( g r a v i m e t r i c  measurement) 

The i n i t i a l  e f f o r t s  i n  t h e  c o n s t r u c t i o n  of  t h e  model were d i r e c t e d  

mainly towards g e t t i n g  t h e  maljor components w i t h  long d e l i v e r y  times on 
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o r d e r  a t  t h e  ea r l i e s t  p o s s i b l e  t i m e .  

f o r  t h e  v a r i o u s  t a s k s  i-nvolved i n  t h e  c o n s t r u c t i o n  p r o j e c t  i s  summarized 

i n  Table  3. From t h e  t:able it is  a p p a r e n t  t h a t  d e l a y s  i n  t h e  d e l i v e r y  

o f  t h e  major hardware components ( e s p e c i a l l y  t h e  e l e c t r i c  h e a t e r )  caused 

major d e l a y s  i n  t h e  p r o j e c t .  Thus t h e  s t a r t i n g  d a t e  of u s e f u l  t e s t  

o p e r a t i o n s  was de layed  approximate ly  5 months (from January  t o  June  1974).  

The p r o j e c t e d  and a c t u a l  schedu le  

D e s c r i p t i o n  o f  t h e  Chimney Model 

A photograph of t h e  chimney model on c o n s t r u c t i o n  complet ion i s  

shown i n  Fig .  1. 

o p e r a t i n g  c o n t r o l s .  

g i v e n  i n  Fig.  3. The o p e r a t i n g  pa ramete r s  o f  t h e  model a r e  l i s t e d  i n  

Table  4 .  

F i g u r e  2 i s  a view o f  t h e  a u x i l l a r y  sys tem and 

A schemat ic  d iagram o f  t h e  chimney model sys tem i s  

Table  4 

Chimney Model Opera t ing  Paramete r s  

Opera t ing  p r e s s u r e  (max) 

Opera t ing  temp era t u r e  (max) 

Chimney w a t e r / r o c k  inven to ry  

T o t a l  sys tem w a t e r / r o c k  i n v e n t o r y  

Average h e a t i n g  r a t e  

Condenser c o o l i n g  flow r a t e  (max) 

C i r c u l a t i o n  f l ow  ra te  (during h e a t u p  (max) 

Recharge f low ra te  (cointinuous) 

E lec t r i c  h e a t e r  c a p a c i t y  

S t r a p  h e a t e r  c a p a c i t y  (chimney) 

S t r a p  h e a t e r  c a p a c i t y  (wa te r  i n l e t )  

800 p s i g  

500 OF 
3 

3 

1~40 OF/hr 

%15 f t  

$19 f t  

2 gpm 

15 gpm 

0-1 gpm 

23 kW 

4 kW 

2 kW 

The sys tem o p e r a t e s  i n  two pr imary modes; t h e  " h e a t i n g  mode" ( s e e  

Fig.  4 )  which e s t a b l i s h e s  t h e  i n i t i a l  r e s e r v o i r  t empera tu re  and p r e s s u r e  

c o n d i t i o n s  i n  a r e l a t i v e l y  s h o r t  time, and t h e  " f l u i d  p roduc t ion  mode" 

( s e e  Fig .  5) d u r i n g  whic.h p roduc t ion  from a f r a c t u r e d  geothermal  system 



I?igurre 1" ';liotograph of C h i m n e b  >!ode1 P r i o r  t o  Installation 
O T  [ n s u l a t i u n ,  
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i s  s imula ted .  

A b r i e f  summary o f  t h e  hea tup  and p r o d u c t i o n  mode o p e r a t i o n s  i s  

u s e f u l  f o r  a d e s c r i p t i o n  o f  t h e  sys tem o p e r a t i o n .  The system i s  f i l l e d  

w i t h  wa te r  t o  d e s i r e d  l e v e l s  through t h e  make-up wa te r  l i n e .  P r e s s u r i z a t i o n  

of  t h e  sys tem t o  100-200 p s i g  i s  accomplished by a d d i t i o n  of  argon g a s  t o  

accumulators  1 and 2 .  The c i r c u l a t i o n  pump s t a r t s  t h e  f low of w a t e r  through 

t h e  e l e c t r i c  h e a t e r  where i t  a c q u i r e s  i t s  thermal  energy w i t h  a n  approx i -  

mate ly  10 F i n c r e a s e  i n  t empera tu re .  

through t h e  chimney where some of  i t s  energy i s  t r a n s f e r r e d  t o  t h e  v e s s e l  

and t h e  rock  load ing .  Water a t  t h e  chimney w a t e r  mix tu re  t empera tu re  i s  

then  r e t u r n e d  v i a  accumulator  1. The hea tup  p rocess  i s  con t inued  u n t i l  

t h e  d e s i r e d  t empera tu re  and p r e s s u r e  c o n d i t i o n s  a r e  ach ieved  and tempera- 

t u r e  e q u i l i b r i u m  of t h e  rock /wa te r /meta l  sys tem i s  e s t a b l i s h e d .  

0 The water from t h e  h e a t e r  c i r c u l a t e s  

F l u i d  p r o d u c t i o n  i s  i n i t i a t e d  by opening t h e  p r e s s u r e  c o n t r o l  valve .  

The produced f l u i d s  a r e  passed through t h e  condenser  and subsequen t ly  

e i t h e r :  (1)  removed from t h e  system through t h e  p r o d u c t i o n  d i s c h a r g e  

l i n e  i n t o  a weighing system o r ,  (2)  r e t u r n e d  through accumulator  1. 

Recharge of  t h e  sys tem i s  accomplished by t h e  i n j e c t i o n  pump which draws 

f l u i d s  from: (1)  a make-up wa te r  l i n e ,  o r  ( 2 )  accumulator  1, depending 

on t h e  p roduc t ion  o p e r a t i n g  scheme. 

The r e c h a r g e  water i s  p rehea ted  i n  t h e  e l e c t r i c  h e a t e r  t o  t h e  d e s i r e d  

r e c h a r g e  t empera tu re  and e n t e r s  t h e  chimney uniformly through t h e  f low 

d i s t r i b u t i o n  b a f f l e .  

The s t ee l  v e s s e l  which s i m u l a t e s  a f r a c t u r e d  rock chimney produced 

by e x p l o s i v e ,  h y d r a u l i c ,  o r  t h e r m a l - s t r e s s  f r a c t u r i n g  i s  2 f e e t  I . D .  and 

approximate ly  5 f e e t  h igh.  The lower head i s  connected t o  t h e  v e s s e l  s h e l l  

by s t a n d a r d  b o l t e d  f l a n g e s  w h i l e  t h e  c l o s u r e  a t  t h e  t o p  end i s  accomplished 

u s i n g  a ”qu ick  opening” (Tube-Turn) c l o s u r e .  The v e s s e l  s h e l l  h a s  numerous 

n o z z l e s  f o r  i n s t r u m e n t a t i o n  e n t r y  f o r  measurement o f  chimney t empera tu res  

and p r e s s u r e s .  A s i g h t  g l a s s  i s  i n s t a l l e d  on t h e  s h e l l  t o  obse rve  w a t e r /  

s team l e v e l  movements d u r i n g  opteration o f  t h e  system. 

The v e s s e l  i s  suppor ted  a t  i t s  approximate  c e n t e r  o f  g r a v i t y  by c y l i n d-  

r i c a l  p i v o t s  which a l l o w  t h e  v e s s e l  t o  be r o t a t e d  from a v e r t i c a l  p o s i t i o n  
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t o  a h o r i z o n t a l  p o s i t i o n  a f t e r  i n l e t  and o u t l e t  p i p i n g ,  i n s t r u m e n t a t i o n  

connec t ions ,  e t c . ,  a r e  d i sconnec ted  from t h e  v e s s e l .  Th i s  p rov ides  

easy  a c c e s s  t o  t h e  lower s e c t i o n  of  t h e  v e s s e l  d u r i n g  load ing  and i n -  

s t r u m e n t a t i o n  o f  t h e  rock  load ing .  The v e s s e l  s h e l l  h a s  s t r a p  h e a t e r s  

wrapped around t h e  o u t s i d e  d iamete r  p r e s e n t l y ,  w i t h  h e a t i n g  power s u f -  

f i c i e n t  t o  make up f o r  h e a t  l o s s e s ,  o r  t o  app ly  energy t o  t h e  w a t e r / r o c k  

sys tem a t  a d e s i r e d  r a t e .  The v e s s e l  i s  i n s u l a t e d  w i t h  approximate ly  

4 inches  of  i n s u l a t i o n .  

To a s s u r e  adequa te  f low d i s t r i b u t i o n  a t  t h e  lower end of t h e  v e s s e l  

( i n l e t ) ,  a f low d i s t r i b u t i o n  ba fEle  i s  i n s t a l l e d  i n  t h e  lower head ( s e e  

F ig .  6 ) .  A t  a low r e c h a r g e  f low r a t e  o f  0-1 gpm, t h e  f low i s  through 

about  50 h o l e s  eaclh 1 /32 inch  i n  d iamete r .  

drop of  approximate ly  0 .3  p s i .  

i s  mainly through t h e  4 check v a l v e s  which open when t h e  p r e s s u r e  d i f -  

f e r e n c e  exeeds 113 p s i .  

Th i s  y i e l d s  a maximum p r e s s u r e  

A t  a hea tup  flow r a t e  of  15 gpm, t h e  flow 

The c i r c u l a t i o n  e l e c t r i c  h e a t e r  s u p p l i e s  t h e  thermal  energy t o  

p rov ide  t h e  i n i t i a l  t e m p e r a t u r e / p r e s s u r e  c o n d i t i o n s  o f  t h e  chimney 

system i n  an  a c c e p t a b l e  l e n g t h  of t ime,  and t o  p r e h e a t  t h e  recharge  

w a t e r  t o  o p e r a t i n g  t empera tu re  c o n d i t i o n s .  The h e a t e r  i s  c o n t r o l l e d  

by a n  o n / o f f  t h e r m o s t a t  a t  t h e  p r e s e n t  t i m e .  

ma t i c  power range c o n t r o l  i s  being i n s t a l l e d  which w i l l  enhance t h e  

u t i l i t y  of  t h e  h e a t e r .  

However, con t inuous  au to-  

The h i g h  c a p a c i t y  c i r c u l a t i o n  pump i s  a c e n t r i f u g a l  l i q u i d  wa te r  

pump d e l i v e r i n g  a head o f  9 f e e t  a t  r a t e d  c a p a c i t y  o f  15  gpm. 

housing and p a r t s  i n  c o n t a c t  w i t h  wa te r  a r e  made from s t a i n l e s s  s t ee l .  

The i n j e c t i o n  pump used t o  r e c h a r g e  t h e  chimney i s  a p o s i t i v e  d isplacement  

pump d e l i v e r i n g  a maximum head of 800 p s i  a t  maximum flow of  1 gpm. 

flow r a t e  can be c o n t r o l l e d  c o n t i n u o u s l y  by ad jus tment  o f  t h e  p i s t o n  

displacement  i n  t h e  range 0- 1  gpm. 

a r e  a l s o  made from s t a i n l e s s  s tee l .  

The pump 

The 

The p a r t s  i n  c o n t a c t  w i t h  t h e  wa te r  

The system h a s  two accumulators  f a b r i c a t e d  from low carbon s t e e l ,  

each w i t h  a s i g h t  g l a s s  f o r  w a t e r  l e v e l  o b s e r v a t i o n  ( s e e  F i g s .  4 and 5 ) .  
Accumulator 1 h a s  a t o t a l  volume o f  approximate ly  1.5 f t  3 and i t s  primary 
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f u n c t i o n s  a r e  t o  p rov ide :  (1)  a n  expansion chamber d u r i n g  hea tup ,  

( 2 )  a f r e e  g a s  s u r f a c e  f o r  i n e r t  g a s  p r e s s u r i z a t i o n  of  sys tem t o  avo id  

f l a s h i n g  d u r i n g  hea tup ,  and ( 3 )  a head t a n k  f o r  t h e  c i r c u l a t i o n  and 
5 

i n j e c t i o n  pumps. Accumulator 2 has  a volume o f  approximate ly  0.5 f t  . 
I t s  pr imary f u n c t i o n s  are  t o  p rov ide :  (1)  damping of  p u l s e s  o r i g i n a t i n g  

i n  t h e  p o s i t i v e  d i sp lacement  i n j e c t i o n  pump, ( 2 )  i n e r t  gas  p r e s s u r i z a t i o n  

of  r e c h a r g e  w a t e r  t o  avo id  f l a s h i n g  i n  t h e  e l e c t r i c  h e a t e r  d u r i n g  r e c h a r g e ,  

and ( 3 )  room f o r  expansion o f  w a t e r  d u r i n g  heatup.  

The p i p i n g  system i s  c o n s t r u c t e d  from schedu le  80 low carbon 

s t e e l  p i p i n g  ( s i z e s  S, 1, 1% and 2 i n c h ) .  Except f o r  connec t ions  t o  

chimney, pumps, e l e c t r i c  h e a t e r  and v a r i o u s  o t h e r  components, t h e  system 

i s  a n  a l l - w e l d e d  sys tem (wi th  a t o t a l  o f  about  140 h i g h  p r e s s u r e  we lds ) .  

The sys tem can be emptied a t  two low p o i n t s  by t h e  d r a i n  v a l v e s  which 

d r a i n  approximate ly  99 p e r  c e n t  o f  t h e  system f l u i d s .  

system, accumulators  and o t h e r  p e r t i n e n t  components a r e  covered w i t h  1% 
t o  2 inches  ,of i n s u l a t i o n .  

The p i p i n g  

The l o c a t i o n s  o f  t h e  loop p r e s s u r e ,  t empera tu re  and flow measurement 

s e n s o r s  a r e  i n d i c a t e d  i n  F igs .  3 ,  4 ,  and 5 .  P r e s s u r e  i n d i c a t o r s  a r e  

i n s t a l l e d  on components accord ing  t o  ASME code requ i rements ,  and a r e  no t  

des igned t o  b e  used f o r  exper imenta l  purposes .  Sensors  f o r  a c q u i r i n g  

exper imenta l  d a t a  a r e  d i s c u s s e d  i n d i v i d u a l l y  i n  t h e  fo l lowing.  

The thermocouples used f o r  loop t empera tu re  measurement a r e  a l l  

118 inch  d iamete r  s t a i n l e s s  s t e e l  shea thed  (grounded) type  J thermocouples.  

The p o s i t i o n s  o f  t h e  thermocouples used t o  measure t h e  chimney w a t e r ,  

rock and metal c o n d i t i o n s  a r e  shlown i n  Fig.  7.  A l l  thermocouples a r e  i n  

t h e  same v e r t i c a l  p lane .  The thermocouples used f o r  w a t e r  and rock  

t empera tu re  measurement a r e  1 /16 i n c h  i n  d iamete r  and a r e  of  t h e  J type.  

Holes a r e  d r i l l e d  i n  t y p i c a l l y  s i z e d  and shaped rocks  t o  t h e  approximate  

c e n t e r  o f  t h e  rock ,  and t h e  therrnocoup1.es a r e  cemented i n  p l a c e  w i t h  a 

h igh  t empera tu re  p o r c e l a i n - l i k e  cement. The w a t e r  t empera tu res  a r e  

measured a d j a c e n t  t o  t h e  " ins t rumented"  rocks  t o  o b t a i n  rock lwa te r  

t empera tu re  d i f f e r e n c e s ,  and a t  (o ther  p o i n t s  t o  o b t a i n  a x i a l  and r a d i a l  

p r o f i l e s .  A l l  thermocouples a r e  i n s e r t e d  through t h e  v e s s e l  w a l l  by 
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0 Water 13 
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0 Chimney Metal  6 
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ON 

Figure  7 .  Diagram Showing Loca t ions  of Thermocouples f o r  Measurement 
o f  Chimney Model 'i 'emperature Condi t ions .  



Conax h igh  p r e s s u r e  f i t t i n g s .  

u s i n g  unsheathed f ine- gage  type  J thermocouples cemented t o  t h e  

meta l  s u r f a c e  w i t h  h i g h  t empera tu re  cement. A l l  thermocouples 

a r e  recorded on m u l t i p o i n t  r e c o r d e r s .  The loop meta l  t empera tu res  

a r e  measured a t  accumula to r s  I and 2 .  The p r e s s u r e  i n  t h e  chimney 

i s  measured w i t h  an  e l e c t r o n i c  p r e s s u r e  t r a n s m i t t e r  employing a 

Bourdon-tube a s  t h e  pr imary s e n s i n g  element.  

The meta l  t empera tu res  a r e  measured 

The c i r c u l a t i o n  flow r a t e  d u r i n g  h e a t i n g  i s  measured us ing  

a n  o r i f i c e  des igned t o  ASME s t a n d a r d s  and i n s t a l l e d  i n  a 1% inch  

l i n e .  The measured p r e s s u r e  d i f f e r e n c e  i s  conver ted  t o  an  e l e c t -  

r i c a l  s i g n a l  by a n  e l e c t r o n i c  d i f f e r e n t i a l  p r e s s u r e  t r a n s m i t t e r  

which i s  f e d  t o  t h e  m u l t i p o i n t  r e c o r d e r s .  The recharge  f low i s  

measured u s i n g  a n o t h e r  o r i f i c e  i n s t a l l e d  i n  a S inch l i n e .  The 

condenser c o o l i n g  flow r a t e  i s  measured u s i n g  a n  o r i f i c e  i n s t a l l e d  

i n  t h e  1 inch  w a t e r  l i n e .  The record ing  of t h e  measurements 

i s  t h e  same a s  € o r  t h e  c i r c u l a t i o n  flow measurement. The produced 

f l u i d  i s  c o l l e c t e d  i n  a t ank  and t h e  weight i s  recorded  a s  a 

f u n c t i o n  of t ime t o  measure t h e  cumulat ive  p roduc t ion  and permit  

c a l c u l a t i o n  of  lEluid p roduc t ion  r a t e .  

I n i  t i a  1 Exper i m f w  

I n i t i a l  exper iments  have been conducted t o  measure t h e  

heatup and cooldown t r a n s i e n t s  of t h e  geothermal  chimney model. 

Ana lys i s  was made of t h e  h e a t i n g  t ime r e q u i r e d  t o  b r i n g  t h e  wa te r /  

r o c k l v e s s e l  syst:em t o  t h e  d e s i r e d  i n i t i a l  r e s e r v o i r  c o n d i t i o n s .  

A s i m p l i f i e d  "lumped parameter"  a n a l y s i s  of t h e  problem h a s  

been made i n  which t h e  v a r i o u s  masses of  rock,  w a t e r ,  and meta l  

a r e  cons ide red  t.o be a t  uni form tempera tu re .  

The lumped parameter  approach assumes t h a t  a l l  o f  t h e  water  

i s  a t  uni form tempera tu re  and t h a t  t h e  energy r e c e i v e d  from t h e  

e l e c t r i c  h e a t e r  i s  d i s t r i b u t e d  uniformly t o  each wa te r  e lement .  

- 18- 



0 
I n  r e a l i t y ,  the t empera tu re  r i s e  a c r o s s  t h e  h e a t e r  i s  about  10 F, 

and t h e  h o t t e r  w a t e r  r e q u i r e s  a f i n i t e  t r a n s p o r t  t i m e  b e f o r e  it 

reaches  t h e  chimney i n l e t  wher<e mixing i s  v e r y  good a t  t h e  h i g h  flow 

r a t e .  Exper ience  h a s  shown t h a t  t h e  w a t e r  con ta ined  i n  t h e  chimney, 

accumulator  1, and loop ahead (of h e a t e r  i n l e t  is  e s s e n t i a l l y  a t  uni form 

temperature  t o  w i t h i n  1 t o  2 F. An e x c e p t i o n  i s  t h e  s t a g n a n t  water i n  

accumulator  2 ,  which remains aibout 50 F below t h e  mean loop t empera tu re .  

0 

0 

The lumped parameter  approach i s  g e n e r a l l y  cons ide red  t o  be adequate  

when t h e  Bio t  number i s  s m a l l ,  i . e . ,  

hL 
B i  = - < 0.1 k 

where: 
2 0  

h = h e a t  t r a n s f e r  c o e f f i c i e n t  (B tu /h r  f t  F) 

L = c h a r a c t e r i s t i c  l e n g t h  of body ( f t )  

k = thermal  c o n d u c t i v i t y  (Btu /h r  f t  F) 0 

For rocks  w i t h  an  e q u i v a l e n t  d iamete r  of  1 i n c h ,  t h e  B i o t  number f o r  

t y p i c a l  chimney c o n d i t i o n s  i s :  

Although t h e  Bio t  number f o r  t h e  rock a p p e a r s  t o  be l a r g e r  than  0.1, 

exper ience  has  shown t h a t  d u r i n g  t h e  r e l a t i v e l y  slow h e a t i n g  t r a n s i e n t ,  

t h e  t empera tu re  d i f f e r e n c e  between t h e  w a t e r  and t h e  rock  i s  s u f f i c i e n t l y  

smal l  (about  1 F) so t h a t  t h e  rock  i s  p r a c t i c a l l y  a t  uni form tempera tu re .  0 

The lumped parameter  approximat ion f o r  t h e  meta l  s e c t i o n s  i s  v a l i d  

because  t h e  Bio t  numbers f o r  t h e  meta l  p o r t i o n s  of t h e  v e s s e l  i n  c o n t a c t  

wi th  wa te r  a r e  smal l .  For example, t h e  B i o t  number f o r  t h e  v e s s e l  w a l l  i s :  

4 

and f o r  t h e  heavy lower f l a n g e  i t  i s :  

-19- 



An i n i t i a l  mlodel was developed c o n s i s t i n g  of  4 lumped masses. 

The p h y s i c a l  model i s  shown i n  t h e  top s k e t c h  of Fig .  8. It was 

assumed t h a t  t h e  w a t e r  and rock  a r e  con ta ined  i n s i d e  a t ank  whose 

w a l l s  were assumed t o  c o n s i s t  of  two p a r t s ;  one s i m u l a t i n g  t h e  v e s s e l  

meta l  and t h e  othler t h e  meta l  con ta ined  i n  t h e  c i r c u l a t i o n  loop,  

p i p i n g ,  v a l v e s ,  p imp ,  h e a t e r ,  e t c .  E l e c t r i c  energy was added t o  t h e  

w a t e r  w i t h  i n s t a n t a n e o u s  mixing,, The n o t a t i o n  used f o r  t h e  v a r i o u s  

conductances  between t h e  masses a s  w e l l  a s  t o  t h e  su r round ings  i s  a l s o  

shown i n  F ig .  8. The " e l e c t r i c a l  analog" of  t h i s  system i s  shown on 

the  lower p o r t i o n  o f  F ig .  8. Energy ba lances  on t h e  v a r i o u s  masses 

y i e l d  t h e  fo l lowing  sys tem of  s imul taneous  f i r s t  o r d e r  o r d i n a r y  

d i f f e r e n t i a l  e q u a t i o n s  i n  m a t r i x  form: 

dB - = A e + F  
d t 

where 

e = [e1 ,  e 2 ,  e 3 ,  e , ]  t empera tu re  v e c t o r  

1 i 
0 8 .  = T - T, l(i = 1 , . . 4 )  excess  t empera tu re  ( F) 

T .  = t empera tu re  o f  it' lump ( F) 

T, = t empera tu re  of  environment ( F) 

0 

1 
0 

t = t ime ( h r )  

The c o e f f i c i e n t  m a t r i x ,  A, i s  a 4 x 4 m a t r i x  where t h e  e lements  c o n t a i n  

v a r i o u s  combinat ions  o f  t h e  heat: t r a n s f e r  conductances h.A . 
f u n c t i o n  m a t r i x  i s :  

The f o r c i n g  
i i  

where S i s  t h e  r a t e  of  energy i n p u t  by t h e  e l e c t r i c  h e a t e r .  

A s t a n d a r d  i n t e g r a t i o n  r o u t i n e  was used t o  s o l v e  ( 2 )  f o r  t h e  

fo l lowing  e s t i m a t e d  numerical  v a l u e s  o f  t h e  system parameters  based on 

rock of equivalent:  d iamete r  o f  1 inch :  

Conductances 
0 

hlAl = 63,000 (Btu /h r  F) 

h2A2 = 1,000 I t  

- 20- 



ELECTRIC POWER 
SUPPLY, s 

I I  
@) Water (TI  1 
2 Rock (T2) 

(T,) 8 3 Metal in vessel 
@ Metal in piping,etc. (T,) 
@ Surroundings ( Tal 

Figure  8. Four-Mass Lumped Parameter  Model o f  t h e  Chimney Model System 
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h A = 3,500 (Btu /h r  OF) 

h4A4 = 1.,200 I 1  

h A = 100 

60 

3 3  

I t  

5 5  
- h300A3cu - 

h4mA4m = 50 I 1  

1; 

Capac i t ances  

M C = 350 (Btu/OF) 

M C = 280 

M3C3 = 385 I I  

M C = 440 

1 1  

2 2  
I 1  

I 1  

4 4  

E l e c t r i c  Hea te r  Power (25 kW) -- 

S = (25)(3413) = 85,300 (Btu /h r )  

I n i t i a l  Condit ions.  

e l  = e 2  = e 3  = e 4  = o ( 4 )  

The p r e d i c t e d  hea tup  t r a n s i e n t  f o r  t h e s e  p a r t i c u l a r  i n p u t  parameters  

i s  shown i n  Fig .  9 (Curves 1, 2 ,  3 and 4 ) .  The r e s u l t s  of t h e s e  t r a n s i e n t  

p r e d i c t i o n s  show t h a t  t h e  rock t empera tu re  w i l l  never  be much d i f f e r e n t  

from t h e  s u r r r o u n d i n g  w a t e r  t empera tu re  f o r  t h i s  slow t r a n s i e n t .  

i t  was n o t  p o s s i b l e  t o  d i s t i n g u i s h  between t h e  curves  f o r  t h e  wa te r  and 

rock (Curves 1 and 2 ) ,  and t h e r e f o r e  on ly  one curve  was drawn. The 

reason f o r  t h e  p r e d i c t e d  smal l  t empera tu re  d i f f e r e n c e  between wa te r  and 

rock i s  t h e  l a r g e  h e a t  t r a n s f e r  conductance ,  hlA1, caused by t h e  r e l a -  

t i v e l y  l a r g e  h e a t  t r a n s f e r  c o e f f i c i e n t  and l a r g e  rock  s u r f a c e  a r e a  assumed 

t n r  t h e  smal l  rock s i z e .  

of t h e  l i n e s  d e c r e a s e s  w i t h  t i m e .  

l o s s e s  due t o  a n  i n c r e a s i n g  t empera tu re  d i f f e r e n c e  between t h e  system 

and i t s  su r round ings .  

I n  f a c t ,  

It can a l s o  be seen from Fig.  9 t h a t  t h e  s l o p e  

Th i s  i s  caused by i n c r e a s i n g  h e a t  

-22- 
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S i n c e  t h e  computer c o s t s  f o r  t h e  four-mass model t r a n s i e n t  runs  

were r e l a t i v e l y  h igh  and i t  became apparen t  t h a t  t h e  rock  t empera tu re  

was t h e  same as  t h e  w a t e r  t empera tu re  f o r  t h e s e  o p e r a t i n g  c o n d i t i o n s ,  

a s i m p l e r  two-mass model, shown i n  Fig.  10,  was d e v i s e d  f o r  t h e  system. 

The model c o n s i s t s  of one mass f o r  t h e  wa te r  and rock  a t  uniform tempera- 

t u r e  T and a second mass a t  t empera tu re  T f o r  a l l  of t h e  meta l  i n  

c o n t a c t  w i t h  h o t  wa te r  d u r i n g  t h e  hea tup  p rocess .  

i s  assumed t o  be s u p p l i e d  un i fo rmly  t o  t h e  w a t e r l r o c k  mass. The two 

s imul taneous  d i f f e r e n t i a l  e q u a t i o n s  i n  8 

1 2 
The e l e c t r i c  power 

= Ti - T, a r e :  i 

de 1 
.t hlA1(Bi - 0,) = S MICl dt (5)  

dB z + h A ( B z  - 01) + h A f J z  = 0 ( 6 )  M2C2 dt 1 1  2 2  

where 
0 H A = h e a t  t r a n s f e r  conductance from w a t e r l r o c k  t o  meta l  ( B t u l h r  F) 

H A 

M C 

1 1  

2 2  

1 1  

= h e a t  t r a n s f e r  ccmductance from meta l  t o  su r round ings  (Btu /h r  O F )  

= h e a t  c a p a c i t a n c e  of w a t e r / r o c k  i n  chimney (Btu/'F) 

M2C2 = h e a t  c a p a c i t a n c e  of me ta l  i n  chimney (Btu/  0 F) 

S = energy source  ( e l e c t r i c  h e a t e r )  ( B t u l h r )  

Let  

- 
and S = S/M C ( 7 )  

h2A2 a = -  hlAl 
1 1  

a = -  
2 2  

lAl = -.- 
2 M C ' 3 M2C2 

With i n i t i a l  c o n d i t i o n s  e(0) = O(0) = 0 ,  and assuming c o n s t a n t  coe f-  

f i c i e n t s  and h e a t  source ,  t h e  s o l u t i o n  t o  thj-s  problem is :  
- - 

S(m + a  + a )  m t  
(8) 

2 2  3 2  

1 2  

S(m + a2 i t -  a ) m t 
( e  - 1.) + ( e  - 1) 

1 e ,  = 
(m2 - m > m  (ml - m 2 h 1  
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Figure 10. Two-Mass Lumped Parameter Model of the Chimney Model System. 
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where t h e  i n v e r s e  t i m e  c o n s t a n t s  m and m are  g iven  by: 1 2 

= %(a + a + a ) + [ ( a l  + a2 + a3)2-  4a a I % 1 2 3 1 3  m 
1,2 

The sys tem paramet:ers f o r  t h i s  problem a r e :  

Conductances 

hlAl = 3,500 + 1,000 = 4,500 (Btu /h r  OF) 

h2A2 = 60 + 50 = 110 I t  

Capac i t ances  

MICl = 350 + 280 = 630 (Btu/OF) 

( 9 )  

M2C2 = 385 + 440 = 825 11 

The p r e d i c t e d  hea tup  t r a n s i e n t  u s i n g  t h i s  model i s  a l s o  shown i n  F ig .  9 a s  

Curves 5 and 6.  The w a t e r / r o c k  t empera tu re  curve  (Curve 5) f a l l s  on 

Curves 1 and 2 from t h e  four-mass s o l u t i o n  which shows agreement between 

t h e  two s o l u t i o n s .  The t empera tu re  of t h e  metal (Curve 6 )  l i e s  between 

t h e  curves  o b t a i n e d  f o r  t h e  two s e p a r a t e  meta l  masses. 

I t  a p p e a r s  t h a t  t h e  two-mass model i s  a s  good, and due t o  i t s  s i m p l i c i t y  

may b e  even b e t t e r  f o r  o u r  purposes  than  t h e  four-mass model. Thus t h e  

two-mass model h a s  been used f o r  hea tup  t r a n s i e n t  p r e d i c t i o n s .  The two- 

mass model a l s o  makes i t  p o s s i b l e  t o  s tudy  t h e  r e l a t i v e  e f f e c t s  o f  

v a r i o u s  parameters  on t h e  heatup t r a n s i e n t .  For example, t h e  e f f e c t  o f  

changing t h e  mean wa te r  t o  meta l  conductance i s  shown i n  Fig.  11 f o r  

o t h e r w i s e  i d e n t i c a l  c o n d i t i o n s .  For small v a l u e s  of  t h e  w a t e r  t o  meta l  

conductance ,  r e l a t i v e l y  l a r g e  water t o  metal t empera tu re  d i f f e r e n c e s  

-I- 

"System paramete r s  (such a s  magnitude of w a t e r  and meta l  masses) were re- 
e s t i m a t e d  f o r  the ,se  runs .  
w i t h o u t  rock  load ing ,  o n l y  w a t e r  was assumed t o  be i n  t h e  system. 

S i n c e  t h e  f i r s t  h e a t u p  exper iments  were made 

4 
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p e r s i s t  throughout  t h e  t r a n s i e n t ,  whi le  f o r  l a r g e  h e a t  t r a n s f e r  conduc- 

t a n c e ?  r e l a t i v e l y  smal l  t empera tu re  d i f f e r e n c e s  r e s u l t .  The t r u e  v a l u e s  

of  h A w i l l  be determined from c a l i b r a t i o n  t e s t s .  
1 1  
The e f f e c t  of h e a t  t r a n s f e r  conductance between meta l  t o  t h e  surround-  

ings  ( h e a t  l o s s e s )  a r e  shown i n  F ig .  1 2 .  The t empera tu re  curves  show t h e  

expected d e c r e a s e s  i n  s l o p e  wilth i n c r e a s i n g  h e a t  l o s s e s .  The exac t  

magnitude o f  t h e  h e a t  l o s s ,  however, needs t o  be e v a l u a t e d .  

The h e a t  l o s s e s  from t h e  sys tem t o  i t s  su r round ings  a r e  of 

m i o r  importance i n  d e t e r m i n i ~ ~ g  t h e  h e a t  t r a n s f e r  from the r o c k  media. 

ltie h e a t  t r a n s f e r  problem i s  complex due t o  t h e  i r r e g u l a r  v e s s e l  shape ,  

i r a r ious  i n s u l a t i o n  t h i c k n e s s e s ,  and f i n  e f f e c t s  from v a l v e s  and o t h e r  

n o n- i n s u l a t e d  o b j e c t s .  S i n c e  t h e  h e a t  l o s s  cannot b e  p r e d i c t e d  w i t h  

s u f f i c i e n t  accuracy ,  a n  exper imenta l  approach h a s  been used i n  which 

t h e  sys tem i s  h e a t e d  t o  a n  i n i t i a l  h i g h  temperature .  During c o o l i n g ,  

t h e  temperature- t ime h i s t o r y  i s  measured a t  v a r i o u s  p l a c e s  i n  t h e  s y s t e m .  

The e f f e c t i v e  h e a t  t r a n s f e r  conductance  t o  t h e  su r round ings  can then  

b e  e v a l u a t e d  from t h e  s l o p e  o f  t h e  w a t e r  and meta l  mean t empera tu re- t ime  

d a t a .  Th i s  r e s u l t s  from t h e  fo l lowing  a n a l y t i c  s o l u t i o n  of  t h e  coo l -  

down t r a n s i e n t .  

S ince  t h e  chimney i s  i s o l a t e d  a t  t h e  i n l e t  and o u t l e t  dur ing  t h e  

cool-down t r a n s i e n t ,  on ly  t h e  chimney and a s s o c i a t e d  i n l e t  and o u t l e t  

p i p i n g  between i s o l a t i o n  v a l v e s  a r e  cons ide red .  The two-mass model 

adapted i s  e s s e n t i a l l y  t h a t  of F ig .  10, w i t h  t h e  swi tch  opened a t  

t = 0 ( s e e  e l e c t r i c a l  ana log  o f  Fig .  10 ) .  The system of  e q u a t i o n s  t o  

b e  solved a r e  e q u a t i o n s  (5)  and (6 )  w i t h  S E 0 f o r  t h i s  case . '  With 

i n i t  i a  1 c o n d i t i o n s  : 

+ 
-1. 

t h e  s o l u t i o n s  p r e d i c t i n g  t h e  t r a n s i e n t s  under s i m i l a r  r e s t r i c t i o n s  a s  

b e f o r e  become: 

.3- 

Although t h e  chimney i s  equipped w i t h  h e a t i n g  t apes ,  they  a r e  n o t  be ing  
used dur ing  t h e  i n i t i a l  cool-down t e s t s .  
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8 , , ( m  +a +a )+6zoal m l t  e l o ( m  +a fa  )+8zoal m 2 t  
l e  ( 1 2 )  

2 2 3  ] e  - [  1 2 3  
m - m  e l  = 

ml -' m2 1 2  

where m and m a r e  g iven  by e q u a t i o n  (10) .  If r e a l i s t i c  numbers a r e  1 2 
s u b s t i t u t e d  one f i n d s  t h a t  Im2J>> lml l  and are n e g a t i v e  such  t h a t  t h e  l a s t  

t e r m  i n  e q u a t i o n s  (12 )  and ( 1 3 )  become r e l a t i v e l y  smal l  a f t e r  a s h o r t  

t i m e .  Thus 01 becomes approximate ly:  

m t  1 
t 2 1 'h r  O 1 = A e  1 

'Where A1 i s  the f i r s t  b racke ted  term i n  (12 )  

Takin,3 t h e  n a t u r a l  logar i thm o f  e q u a t i o n  ( 1 4 )  r e s u l t s  i n :  

I n e l =  1 n A  1 + m t  1 

and e v a l u a t i o n  a t  two p o i n t s  1 and 2 g i v e s  t h e  s l o p e :  

Thus, from d a t a  t h a t  p l o t  approximate ly  a s  a s t r a i g h t  l i n e  on semilog 

paper  t h e  dominant i n v e r s e  time c o n s t a n t ,  m can be determined from 

t h e  s l o p e  between two p o i n t s  i n  t i m e ,  
1' 

Data :ram t h e  f i r s t  completed cool-down run (Run No. 032774)  a r e  

shown i n  FLg. 13. The system under c o n s i d e r a t i o n  i s  now on ly  t h e  chimney 

and a s s o c i a t e d  i n l e t  and ( o u t l e t  p i p i n g  w i t h  w a t e r  i n  t h e  chimney on ly .  

The measured water t empera tu re  d i d  n o t  d i f f e r  by more than  1 o r  2 F from 

t h e  t o p  t o  t h e  bottom of  the  chimney d u r i n g  t h e  cool-down t r a n s i e n t  s o  

t h e  wa te r  t empera tu res  p l o t t e d  r e p r e s e n t  ave rage  wa te r  t empera tu res .  

Howcver, t h e  measured chimney metal t empera tu res  d i f f e r e d  by a s  much 

a s  10 - 20 F and t h e r e f o r e  a n  averag ing  procedure  was n e c e s s a r y .  The 

rnetal t empera tu re  measurement p o i n t s  of  t h e  chimney a r e  i l l u s t r a t e d  i n  

Fig.  7 .  Each measurement was weighted accord ing  t o  i t s  r e p r e s e n t a t i v e  

0 

C) 
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mass f r a c t i o n  t o  y i e l d  a n  average  va lue .  

m a s s  f r a c t i o n s  a r e  g i v e n  i n  Table  IS. 

The best: e s t i m a t e  of  chimney 

Tab:Le 5 

T a b u l a t i o n  o f  Chimney Metal  Mass F r a c t i o n s  

E s t ima t ed 
Mass, M;, F r a c t i o n  

Mass 

S e c t i o n  - (lb,) LL Mic'Mc 

Lower h e a t  and i n l e t  p i p i n g  
t o  c l o s e s t  i s o l a t i o ' n  v a l u e  248 0.0629 

Lower f l a n g e s  w i t h  b o l t s  1435 0.3637 

Lower s e c t i o n  of s h e l l  
i n c l i d i n g  ?i suppor t  s t r u c -  
t u r e  p l u s  $ s i g h t  g l a s s  480 0.1217 

Upper s e c t i o n  of s h e l l  
i n c l u d i n g  % suppor t  s t r u c - ,  
t u r e  p l u s  4 s i g h t  g l a s s  656 0.1664 

Jock:; ( c l o s u r e  d e v i c e )  7 56 0.1916 

Uppe.c head and o u t l e t  
p i p i n g  t o  c l o s e s t  i s o l a t i o n  
v a l u e  370 0.0938 

m T o t a l  Mass M = 3945 l b  
C 

I t  can be seen  from Fig .  13  t h a t  t h e r e  appears  t o  b e  a d i s t i n c t  

break i n  t h e  cooldown curve  between 20 t o  30 hours  o f  cool-down t ime ,  

i n  a d d i t i o n  t o  a g r a d u a l  change i n  s l o p e  w i t h  t i m e . ,  

i s  b e l i e v e d  t o  be caused by n o n l i n e a r i t i e s  i n  t h e  h e a t  t r a n s f e r  coe f -  

f i c i e n t s ,  p a r t . i c u l a r l y  t h e  c o e f f i c i e n t  r e p r e s e n t i n g  t h e  h e a t  l o s s  from 

t h e  system. The cause  o f  t h e  b reak  i n  t h e  curve ,  however, i s  no t  c l e a r  

but  may be r e l a t e d  t o  changes i n  ambient t empera tu re .  Ana lys i s  of  t h i s  

e f f e c t  w i l l  b e  made i n  f u t u r e  exper iments .  A l i n e  through t h e  d a t a  i n  

t h e  range 0 t o  25 h r  y i e l d s  t:he s l o p e :  

The l a s t  e f f e c t  

Slope = m = -0.0214 ( l / h r )  1 
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Thus t h e  t ime c o n s t a n t  i s :  

A 1  
T = 1.11 = 48(hr) 

From t h e  va lue  o f  m t h e  e f f e c t i v e  h e a t  t r a n s f e r  l o s s  conductance,  1 
h A can be de r ived .  The e x p r e s s i o n  f o r  m and m (Equat ion  10) can 

be approximated u s i n g  a binomial  expans ion  o f  t h e  sqclare r o o t  term by 

t h e  fo l lowing  expres s ion :  

2 2 '  1 2 

S u b s t i t u t i n g  f o r  a a and a u s i n g  t h e  r e l a t i o n s  ( 7 )  one f i n d s :  1' 2 '  3 

h2A2 -m ( M  C 1 1 1 + M2C2) 

The b e s t  e s t i m a t e s  of t h e  c a p a c i t a n c e s  a r e :  

14 C = (16) (58)(0 .998)  = 925 #(Btu/OF) 1 1  

M2C2 = (3945)(0.11)  = 443 1 1  

Thus, t h e  b e s t  e s t i m a t e  of t h e  h e a t  l o s s  conductance f o r  t h e  chimney i s :  

h A = 29.3 (B tu /h r  OF)l 2 2  

The complexi ty o f  t h e  system, p a r t s  o f  which a r e  n o t  i n s u l a t e d ,  

makes i t  d i f f i c u l t  t o  e s t i m a t e  t h e  e f f e c t i v e  mass of t h e  system. Experi-  

mental  hea tup  t r a n s i e n t  d a t a  ci3n be  o f  some h e l p  i n  t h i s  r e s p e c t .  The 

hea tup  t r a n s i e n t  f o r  Run No. 0:32274 w i t h  only  wa te r  i n  t h e  system is  

shown i n  F i g .  14.  The measured meta l  tempera tures  a r e  weighted u s i n g  

t h e  system mass f r a c t i o n s  shown i n  Table 6.  FJith t h e  hea tup  t r a n s i e n t  

d a t a ,  approximate system mass (can be determined.  An energy  ba lance  

on t h e  t o t a l  system y i e l d s :  

A(S to rage )  
A t  

(Out) - (In) + = o  
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Table  6 

T a b u l a t i o n  of System Metal  Mass F r a c t i o n s  

E s t ima t e d  
Mass, M, F r a c t i o n  

Mass 

L 
Mi/M 

(Ib,) S e c t  i o n  

Chimney i n c l u d i n g  i n l e t  and 
o u t l e t  p i p e  s e c t i o n s  (M ) 3945 0.7543 

Accumulator 1, connec t ing  
p i p i n g ,  and c i r c u l a t i o n  
Pump 690 0.1319 

Accumulator 2 and connec t ing  
p i p i n g  165 0.0315 

E l e c t r i c  h e a t e r  and 
connec t ing  p i p i n g  430 0.0822 

C 

T o t a l  system mass M = 5230 lb m 

The ou t f low term i s  t h e  h e a t  1 . 0 s ~  t e r m :  

Q = hAe (Btu /h r )  (19) L 

where hA i s  t h e  t o t a l  sys tem h e a t  l o s s  conductance equa l  t o :  

hA = h A + h 'A'  2 2  2 2  

The v a l u e  of h A f o r  t h e  chimney was e s t i m a t e d  p r e v i o u s l y .  It is  2 2  
e s t i m a t e d  t h a t  t h e  a d d i t i o n a l  l o s s  conductanc'e f o r  p i p i n g ,  e t c . ,  $ 4 ;  9 

i s  approx imate ly :  

Thus : 

hA = - 3 h A 45 (Btu /h r  0 F)  
2 2 2  

The inf low term i n  Equat ion (18) i s  due t o  t h e  e l e c t r i c  h e a t e r .  The 

power inpu t  t o  t h e  h e a t e r  was measured t o  be: 

S 23 kW 

-35- 



o r  S = (23)(:3413) = 78500 (Btu/hr)l 

S i n c e  t h e  s l o p e  of t h e  water and meta l  hea tup  curves  (Fig .  14)  a r e  

s i m i l a r ,  t h e  s t o r a g e  term becomes: 

e - (3 
- A0 
MC - 

A t  

2 
(MC w w  + M C ) z E ( M C  m m  w w + M C ) - - =  m m t2 - t: ( 2  1.) 

dB 

I 

where 

M C = h.eat c a p a c i t a n c e  of a l l  wa te r  i n  t h e  system 

M C = h e a t  c a p a c i t a n c e  of a l l  metal i n  t h e  system 

MC = mean v a l u e  o f  t o t a l  sys tem h e a t  c a p a c i t a n c e  

(Btu/OF) w w  
I t  

m m  
- 

1 1  

S u b s t i t u t i n g  i n t o  (18) and s o l v i n g  f o r  MC g i v e s :  

(22) -- At(S - hA0) MC = -- 
A 0  

Reading t h e  s l o p e  between 1 and 2 h r  on Fig .  14 where t h e  h e a t  l o s s e s  

a r e  smal l  and u s i n g  p r e v i o u s l y  d e f i n e d  v a l u e s  of  I3 and hA, one o b t a i n s  

from (22) : 
- 
MC I* 1670 I- M C + M C 

w w  m m  

The wa te r  i n v e n t o r y  i s  known and t h e  wa te r  c a p a c i t a n c e  i s  e s t i m a t e d  t o  be:  

M C :: 1100 (Btu/'F) w w  

Th i s  l e a d s  t o :  

M C =: 570 (Btu/'F) 
m m  

0 o r  w i t h  C y 0.11 (Btu / lbm F ) :  m 

M E 5200 l b  
rn m 

This  is c l o s e  t o  t h e  v a l u e  e s t i m a t e d  i n  Table  6. However, i n  o r d e r  t o  

g a i n  conf idence  i n  t h e s e  e v a l u a t i o n s  more d a t a  needs  t o  b e  evaluated. 
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F u t u r e  Experiments -- 

To s t u d y  p r o d u c t i o n  p r o c e s s e s  from s t i m u l a t e d  w e l l b o r e s  o r  chimneys, 

t h e  fo rmula t ion  of a mathemat ica l  p roduc t ion  model h a s  been i n i t i a t e d .  

The model i n c l u d e s :  (1) t h e  w a t e r / r o c k  sys tem of  e s s e n t i a l l y  i n f i n i t e  

p e r m e a b i l i t y  con ta ined  w i t h i n  t h e  s t i m u l a t e d  r e g i o n  o r  chimney, ( 2 )  t h e  

w e l l b o r e  and a s s o c i a t e d  two-phase flow problem, and ( 3 )  a s i m p l i f i e d  

model o f  t h e  recharge  of h o t  f l u i d s  from t h e  su r round ing  geothermal  

r e s e r v o i r .  With t h i s  model t h e  e f f e c t  o f  t h e  v a r i o u s  parameters  on 

t h e  f l u i d  p r o d u c t i o n  and t h e  energy e x t r a c t i o n  p r o c e s s e s  can be s t u d i e d  

s y s t e m a t i c a l l y .  I n  p a r t i c u l a r ,  t h e  c o n d i t i o n s  under  which t h e  f l a s h  

f r o n t  can be made t o  move i n t o  t h e  chimney w i l l  be s t u d i e d  i n  t h e  

producLion modes d e s c r i b e d  i n  P r o g r e s s  Report  No. 1. 

The a n a l y t i c a l  model f o r  f l u i d  p roduc t ion  from t h e  chimney w i l l  be 

a p p l i e d  i n i t i a l l y  t o  p r e d i c t  t h e  p r o d u c t i o n  from t h e  chimney model. 

Cons ide ra t ion  i s  being g iven  t o  t h e  h e a t  t r a n s f e r  from t h e  v e s s e l  t o  

t h e  w a t e r / r o c k  sys tem cor, tained i n s i d e .  A mathemat ica l  model of t h i s  

h e a t  t r a n s f e r  p rocess  h a s  been f o r m i l a t e d  based on measured t empera tu re / t ime  

h i s t o r i e s  of  t h e  meta l  and chimney h e a t  l o s s e s  deduced from cool-down 

t r a n s i e n t s .  P roduc t ion  d a t a  from t h e  chimney model w i l l  p rov ide  some 

b a s i s  f o r  c o r r e c t i o n  and improvement of  t h e  a n a l y t i c  model such t h a t  

t h e  a p p l i c a t i o n s  of  t h e  a n a l y t i c  model t o  r e a l  s t i m u l a t e d  we l lbores  o r  

chimneys can be made w i t h  some degree  of  conf ider ,ce .  

on t h e  f l u i d  p r o d u c t i o n  model w i l l  deve lop  r a p i d l y  a f t e r  t h e  b a s i c  d a t a  

on t h e  system perEormanct a r e  a c q u i r e d .  

Programming e f f o r t s  

The f u t u r e  t e s t  program o u t l i n e d  h e r e  i s  s u b j e c t  t o  r e v i s i o n  because 

t h e  c o u r s e  of t h e  a c t u a l  t e s t i n g  w i l l  be governed by p r a c t i c a l  c o n s i d e r a-  

t i o n s  sxich a s  a v a i l a b i l i t y  and adequacy of eqliipmcnt t o  pnrforln each 

t a s k .  The t e s t i n g  t o  d a t e  h a s  been concerned w i t h :  (1) checking and 

c a l i b r a t i o n  of  i n s t r u m e n t a t i o n ,  ( 2 )  o b t a i n i n g  hea tup  t r a n s i e n t  d a t a ,  

( 3 )  o b t a i n i n g  cool-down t r a n s i e n t  d a t a ,  and ( 4 )  o b t a i n i n g  f l u i d  p r o d u c t i o n  

d a t a  w i t h  wa te r  on ly  i n  t h e  system. These d a t a  p rov ide  t h e  b a s i s  f o r :  

(1) t h e  d e t e r m i n a t i o n  of t h e  e E f e c t i v e  masses o f  t h e  v a r i o u s  sys tem 

components, and ( 2 )  t h e  deduc t ion  o f  chimney model e f f e c t i v e  h e a t  l o s s e s  



which e v e n t u a l l y  w i l l  be  used i n  t h e  a n a l y t i c  model f o r  h e a t  t r a n s f e r  

from t h e  me ta l  t o  t h e  w a t e r / r o c k  system. 

A number of  rock types  w i l l  be t e s t e d  i n  t h e  chimney model. These 

may i n c l u d e ,  (1) g r a n i t e ,  ( 2 )  chimney rock  (ob ta ined  from t h e  P i l e d r i v e r  

chimney a t  t h e  Nevada Test S i t e ) ,  ( 3 )  Berea sands tone ,  and ( 4 )  l imes tone .  

Also, it  i s  expec ted  t h a t  s e v e r a l  rock  s i z e s  of a t  l e a s t  one rock media 

w i l l  be t e s t e d .  

The f i r s t  l oad ing  o f  g r a n i t e  of  about  1 inch  d i ame te r  s i z e  h a s  

been completed a s  of  t h e  w r i t i n g  of  t h i s  r e p o r t .  P roduc t ion  runs  a r e  

planned t o  de termine  t h e  c o n d i t i o n s  f o r  maximum e x t r a c t i o n  of energy.  

The types  of  t es t s  t o  be made and d a t a  t o  be ob ta ined  i n c l u d e :  

a .  Vary p roduc t ion  r a t e  and cor responding  p r e s s u r e l t e m p e r a t u r e  

h i s t o r i e s  by flow c o n t r o l  v a l v e  w i t h  no recharge .  

t h e  fo l lowing  parameters :  (1) f l a s h i n g  f r o n t  l o c a t i o n ;  ( 2 )  r ock ,  

wa te r  and v e s s e l  w a l l  t empera tu re s ;  ( 3 )  system p r e s s u r e ,  and 

( 4 )  produc t ion  flow r a t e  and energy c o n t e n t  a s  f u n c t i o n s  of  

t i m e  . 

Observe 

b. Cont ro l  r echa rge  flow and energy  con ten t .  Vary p roduc t ion  

r a t e  and cor responding  p r e s s u r e / t e m p e r a t u r e  h i s t o r y  by flow 

c o n t r o l  va lve .  Obse rva t ions  a s  i n  ( a ) .  

c.  With c o n t r o l l e d  r echa rge  c o n d i t i o n s ,  ma in t a in  f l a s h i n g  f r o n t  

a t  v a r i o u s  l o c a t i o n s  by p roduc t ion  flow c o n t r o l .  Observa t ions  

a s  i n  ( a ) .  A l t e r n a t i v e l y ,  ma in t a in  a s p e c i f i e d  f l a s h  f r o n t  

movement. 

Tests of c y c l i c  p roduc t ion  w i t h  r echa rge  a r e  in tended  t o  s i m u l a t e  

t h e  i n h e r e n t  c a p a b i l i t y  of a r e a l  f r a c t u r e d  geothermal  system t o  r echa rge  

i t s e l f  by mass and energy t r a n s f e r  from t h e  sur rounding  r e s e r v o i r .  

a .  E s t a b l i s h  p roduc t ion  w i t h  ze ro  r echa rge  and con t inue  u n t i l  some 

lower p r e s s u r e l t e m p e r a t u r e  l i m i t  ha s  been reached ,  

b. Stop p roduc t ion  and u s e  t h e  i n j e c t i o n  pump t o  i n c r e a s e  system 

p r e s s u r e  by i n j e c t i n g  w a t e r  a t  a s p e c i f i e d  tempera ture .  When 

t h e  system i s  r e f i l l e d  w i t h  wa te r ,  resume p roduc t ion  w i t h  ze ro  

recharge .  



T e s t s  a r e  a l s o  planned t o  de te rmine  t h e  h e a t  t r a n s f e r  conductances  

from rock.  I n  t h e s e  t e s t s ,  t h e  c y c l i c  method w i l l  be a p p l i e d  t o  t h e  

rock lwa te r  sys tem t o  determine t h e  h e a t  t r a n s f e r  S t a n t o n  number vs.  t h e  

f low Reynolds number f o r  v a r i o u s  f l u i d  s t a t e s ,  rock s i z e s  and rock 

media. These t e s t s  i n c l u d e :  

a.  Main ta in  v a r i o u s  degrees  of  subcoo l ing  and c o n s t a n t  flow r a t e .  

Genera te  a s i n u s o i d a l  v a r i a t i o n  of w a t e r  i n l e t  t empera tu re  by 

c o n t r o l  o f  t h e  h e a t e r .  

t empera tu re  ampl i tude  and phase  change. Use t h i s  i n f o r m a t i o n  

t o  deduce t h e  Stantori  number, S t ,  from a n  a n a l y t i c  s o l u t i o n .  

Measure cor respond ing  wa te r  o u t l e t  

b. E s t a b l i s h  s a t u r a t e d  c o n d i t i o n s  i n  t h e  chimney and r e p e a t  t h e  

above procedure  f o r  v a r i o u s  sys tem steam q u a l i t i e s ,  flow r a t e s ,  

e t c .  Use t h i s  in fo rmat ion  t o  deduce t h e  S t a n t o n  number, S t ,  

from a n a l y t i c  o r  numerical  s o l u t i o n  of t h e  same problem. 

S ince  t h e  chimney v e s s e l  i s  made of  carbon s t e e l ,  t h e  exper iments  

i n v o l v i n g  wa te r  q u a l i t y  a s p e c t s  o f  t h e  program w i l l  be made a t  a l a t e r  

pe r iod .  However, d u r i n g  t h e  c l e a n  wa te r  exper iments ,  problems of  water 

q u a l i t y  must a l s o  be cons ide red  t o  avo id  e x t e n s i v e  c o r r o s i o n  of  t h e  

system. 

A t  t h e  h i g h  t empera tu res  of t h e  p roduc t ion  exper iments ,  s e v e r a l  

chemical  e lements  con ta ined  i n  t h e  v a r i o u s  rock t y p e s  may go i n t o  s o l u t i o n  

i n  t h e  v e s s e l  and p r e c i p i t a t e  i n  a r e a s  of lower t e m p e r a t u r e ,  such a s  i n  

t h e  d i s c h a r g e  l i n e ,  s t r a i n e r ,  f low c o n t r o l  v a l v e ,  condenser ,  e t c . ,  a s  

w e l l  a s  i n  a r e a s  where phase  changes t ake  p l a c e .  Moni tor ing t h e  chemical  

composi t ion of  t h e  w a t e r  a t  v a r i o u s  p o i n t s  i n  t h e  system and o b s e r v a t i o n  

o f  d e p o s i t i o n  of  chemicals  a t  such l o c a t i o n s  w i l l  be used t o  p rov ide  

in fo rmat ion  about  t h e  wa te r  q u a l i t y  a s p e c t s  of  p roduc t ion .  Various 

t r a c e r  element t e s t s  a r e  a l s o  be ing  planned t o  d e f i n e  t h e s e  problems. 

A t  t h e  conc lus ion  o f  t h e  p roduc t ion  t e s t i n g ,  when most of t h e  t e s t s  

have been completed,  b r i n e  s o l u t i o n  p roduc t ion  d a t a  w i l l  be i n i t i a t e d .  

t x t e n s i v e  i n s p e c t i o n  of t h e  system f o r  s i g n s  o f  c o r r o s i o n  a t t a c k s  i n  

o r d e r  t o  sa feguard  t h e  i n t e g r i t y  of  t h e  system w i l l  b e  mainta ined d u r i n g  

t h e  l i f e  o f  t h e  program. 
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An i n d i r e c t  b e n e f i t  from t h e  tes t  program w i l l  be  d a t a  t h a t  can 

b e  used f o r  t h e  v e r i f i c a t i o n  and t e s t i n g  of  t h e  a n a l y t i c  f l u i d  p roduc t ion  

model. A number o f  t h e  assumptions i n h e r e n t  i n  t h e  model can be v e r i f i e d  

d i r e c t l y  by u s i n g  t h e s e  d a t a .  



c 

BENCH-SCALE MODELS 

The t e s t  o b j e c t i v e s  and a p p a r a t u s  involved i n  t h e  bench- scale  

models was p r e s e n t e d  i n  P r o g r e s s  Repor t  No. 1. I n  b r i e f ,  t h e s e  e x p e r i -  

ments were des igned t o  t e s t  fundamental  concep t s  f o r  non- isothermal  

b o i l i n g  two-phase flow through porous media. This  work i s  aimed a t  the  

e n t i r e  r e s e r v o i r ,  whi le  t h e  chimney model d e a l s  most d i r e c t l y  w i t h  t h e  

we l lbore  and nea r- wel l  r e s e r v o i r  c o n d i t i o n s .  The combinat ion should  be 

b road ly  u s e f u l  i n  t h e  new f i e l d  of geothermal  r e s e r v o i r  eng ineer ing .  

The term "geothermal r e s e r v o i r  eng ineer ing"  i s  a n  a d a p t a t i o n  of  

" petroleum r e s e r v o i r  eng ineer ing , "  t h e  branch o f  eng ineer ing  which 

d e a l s  w i t h  assessment  o f  and t3lanning o f  optimum development of  pet roleum 

r e s e r v o i r s .  F o r t u n a t e l y ,  t h e r e  i s  much t h a t  i s  u s e f u l  f o r  geothermal  

eng ineer ing  i n  t h e  l i t e r a t u r e  of o i l  recovery.  O i l  r ecovery  by steam 

i n j e c t i o n  and underground combust i o n  p r e s e n t  some o f  t h e  important  

f e a t u r e s  of  non- isothermal  two-phase f low which appear  p e r t i n e n t  t o  

geothermal  r e s e r v o i r s .  But t h e r e  h a s  been no s p e c i f i c  s t u d y  of  t h e  

f low o f  s i n g l e  component (wa te r )  two-phase ( t h u s  non i so the rmal )  f low 

i n  porous media. I n  p a r t i c u l a r ,  t h e r e  i s  no in fo rmat ion  whatever on t h e  

important  phenomena involved when normally immobile l i q u i d  s a t u r a t i o n s  

( p r a c t i c a l  i r r e d u c i b l e  wa te r  s a t u r a t i o n )  v a p o r i z e  w i t h  p r e s s u r e  r e d u c t i o n .  

I n  view of  t h e  f a c t  t h a t  a l l  h e a t  e f f e c t s ,  s e n s i b l e  h e a t ,  l a t e n t  h e a t  o f  

v a p o r i z a t i o n ,  e t c . ,  a r e  much g r e a t e r  f o r  wa te r  t h a n  f o r  hydrocarbons ,  i t  

would be expected t h a t  some s e v e r e  anomal ies  might be found. The bench- 

s c a l e  models were planned t o  permit  a thorough examinat ion o f  thermodynamic 

and f l u i d  mechanic a s p e c t s  of t h i s  s p e c i a l  flow regime o f  such extreme 

importance t o  e n g i n e e r i n g  of  geothermal  systems.  It i s  l i k e l y  t h a t  t h e  

r e s u l t s  w i l l  have broad impact on t h e  e n t i r e  f i e l d  o f  f low through 

porous media. 

The f i r s t  bench s c a l e  model planned i s  a s t e a d y - s t a t e  flow e x p e r i -  

ment invo lv ing  l i n e a r  flow ( i n  t h e  a x i a l  d i r e c t i o n )  through a c y l i n d r i c a l  

co re .  
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The L i n e a r  Flow Model 

The l i n e a r  flow model was d e s c r i b e d  i n  P r o g r e s s  Repor t  No. 1. A l l  

necessa ry  components have been a c q u i r e d ,  and f a b r i c a t i o n  o f  t h e  p re l im-  

i n a r y  t e s t  model completed. A schemat ic  diagram o f  t h e  completed appara-  

t u s  i s  shown i n  Fig.  15. A photograph o f  t h e  a p p a r a t u s  i s  shown i n  

Fig .  16. R e f e r r i n g  t o  t h e  f low diagram i n  Fig .  115, c o l d  f e e d  w a t e r  i s  

pumped through a t u b u l a r  f u r n a c e  *and i n t o  a c o r e  c o n t a i n e d  i n  a H a s s l e r  

s l e e v e  type  c o r e  h o l d e r .  The corle h o l d e r  i s  con ta ined  w i t h i n  a n  a i r  

ba th  used t o  s e t  ambient t empera tu res  a s  h igh  a s  410 F. An accumulator  

i s  l o c a t e d  immediately downstream o f  t h e  pump t o  e l i m i n a t e  f low p u l s a-  

t i o n s ,  

t h e  diaphragm. 

on t h e  Vi ton s l e e v e  i n  t h e  H a s s l e r  c o r e  h o l d e r .  

0 

The accumulator  i s  a diaphragm type  w i t h  n i t r o g e n  p r e s s u r e  above 

The n i t r o g e n  s o u r c e  can a l s o  be used t o  h o l d  p r e s s u r e  

Flow r a t e  i s  measured both  upst ream and downstream o f  t h e  c o r e .  

A f l o w r a t o r  i s  upst ream o f  t h e  coice, w h i l e  t h e  t o t a l  mass r a t e  can be 

determined by timed weighing t h e  condensed wa te r  from t h e  ou t f low o f  

t h e  system, 

t h e  back p r e s s u r e  and flow r a t e .  

on each s i d e  of  t h e  c o r e .  Porous meta l  f i l t e r s  (60 micron e lements )  

a r e  l o c a t e d  b e f o r e  t h e  t u b u l a r  f u r n a c e  and b e f o r e  t h e  back- pressure  

v a l v e  . 

Both r e g u l a t i n g  and mete r ing  v a l v e s  a r e  used t o  a d j u s t  

H e l i c o r d  pressure  gages a r e  i n s t a l l e d  

The t empera tu re  o f  t h e  f lowing f l u i d  i s  measured a f t e r  t h e  t u b u l a r  

f u r n a c e ,  a t  t h e  c o r e  i n l e t  and e x i t ,  and throughout  t h e  e n t i r e  l e n g t h  

of  t h e  c o r e  v i a  a t r a v e r s i n g  thermocouple. 

i s  a 1 / 2 5  inch  d iamete r  shea thed  t.hermocouple i n s i d e  a 1 / 1 6  inch O . D .  

s t a i n l e s s  tub ing .  A l l  t empera tu res  a r e  r ecorded .  In a d d i t i o n  t o  tempera- 

t u r e ,  p r e s s u r e s  a r e  measured a t  t h e  i n l e t  and o u t l e t  and a t  t h r e e  loca-  

t i o n s  a long  t h e  c o r e  by means o f  p r e s s u r e  t r a n s d u c e r s .  

t i o n  of  t h e  major components of tEe l i n e a r  flow model a r e  a s  fo l lows :  

The t r a v e r s i n g  thermocouple 

A d e t a i l e d  d e s c r i p -  

- Core Holder--A m o d i f i c a t i o n  c f  a H a s s l e r - t y p e  c o r e  h o l d e r  des igned 

by t h e  Marathon O i l  Company ( p e r s o n a l  communication, S.C. Jones )  was 

employed. Th i s  c o r e  h o l d e r  i s  shown s c h e m a t i c a l l y  i n  Fig .  1 7 .  The c o r e  
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l ’ i g u r e  16. PIiotoglr-apt1 O C  t h e  L i n e a r  F lcv  Xodel Appa ra tus .  
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h o l d e r  c o n s i s t s  of a n  o u t e r  s h e l l ,  t h e  Vi ton t u b i n g ,  and s e v e r a l  end 

p i e c e s .  The s h e l l  i s  26 inches  long by 3.5 inches  O.D.  w i t h  a 0.438 

inch  w a l l  t h i c k n e s s .  The s h e l l  h a s  f o u r  e n t r y  p o r t s  o r  t a p s :  one f o r  

t h e  overburden p r e s s u r e ,  and t h r e e  f o r  p r e s s u r e  measurements a t  i n t e r -  

v a l s  o f  6 inches  a long  t h e  core .  The Vitori tub ing  i s  2 6  inches  long 

by 2 .5  inches  O.D.,  and 0 . 2 5  inches  w a l l  t h i c k n e s s ,  The Vi ton tub ing  

makes a good s e a l  w i t h  t h e  c o n t a i n e d  c o r e  and t h e  pore p r e s s u r e  through-  

o u t  i t s  l eng th .  The i n l e t  p lug  has  t a p s  f o r  i n l e t  f low and p r e s s u r e  

measurement. The o u t l e t  p lug  h a s  t a p s  f o r  ex i t  f low,  a p r e s s u r e  t a p ,  

t h e  i n l e t  f i t t i n g  f o r  t h e  t empera tu re  probe,  and a f i t t i n g  f o r  t h e  

l i q u i d  s a t u r a t i o n  probe.  

Porous Media--Two t y p e s  of porous media have been used t o  d a t e :  

a Berea sands tone  c o r e ,  and s e v e r a l  s y n t h e t i c  c o n s o l i d a t e d  sands tone  

c o r e s .  I n  t h e  c a s e  of  t h e  Berea sands tone  c o r e ,  a groove was c u t  on 

t h e  s i d e  s u r f a c e  and a 1 /16 inch O.D.  s t a i n l e s s  s t e e l  t u b i n g  w i t h  one 

end plugged by s i l v e r  s o l d e r  was cemented i n  t h e  groove.  Fondu calc ium 

a lumina te  cement, s i l i c a  sand of abou t  100 Ty le r  mesh s i z e ,  and w a t e r  

were used a s  t h e  m a t e r i a l s  t o  make t h e  s y n t h e t i c  c o r e s .  The p r o p o r t i o n s  

o f  sand and cement were 80% sand by we igh t ,  and 207L cement by weight .  

The sand-cement mix tu re  was prepared by thoroughly  mixing sand,  f i r s t  w i t h  

t h e  b lending w a t e r  ( 0 . 5 %  by w e i g h t ) ,  secondly  w i t h  cement. The mix tu re  

was poured i n t o  a mold formed w i t h  a p l a s t i c  t u b i n g  i n  which a g l a s s  

tub ing  f o r  t h e  l i q u i d  s a t u r a t i o n  probe and a thermocouple t u b i n g  were 

h e l d  i n  p l a c e .  While pour ing sand ,  t h e  mold was tapped from time t o  

t i m e  i n  o r d e r  t o  compact t h e  sand. Water was injec:ted through a f i t t i n g  

on a d i s c  f l a n g e  connected t o  t h e  end of  t h e  mold. A f t e r  t h e  breakthrough 

o f  t h e  i n j e c t e d  w a t e r ,  t h e  mold was d i sconnec ted  from t h e  wa te r  and a l lowed 

t o  h y d r a t e  f o r  one day. A f t e r  2 4  h o u r s ,  t h e  p l a s t i c  t u b i n g  was pee led  o f f  

and t h e  c o r e  was machined ( f i l e d )  t o  a d e s i r e d  s i z e :  2 inches  O . D .  by 

23 .5  inches  long. 

-- 

Liquid  S a t u r a t i o n  Probe--The term " s a t u r a t i o n "  i s  used h e r e  t o  mean 
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t h e  volume f r a c t i o n  of pore  space .  The l i q u i d  s a t u r a t i o n  probe was 

o r i g i n a l l y  developed by t h e  Chevron O i l  Company (Baker,  1972) i n  

connec t ion  w i t h  a s tudy  of o i l  r ecovery  by i n j e c t i o n  of  steam. The 

ins t rument  u s e s  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  c o n s t a n t  between t h e  

m a t e r i a l s  p r e s e n t  ( l i q u i d  wa te r  and steam) i n  t h e  pore  space .  The 

ins t rument  c o n s i s t s  o f  a probe which moves i n  a g l a s s  gu ide  c a s t  i n  

t h e  s y n t h e t i c  c o r e ,  e l e c t r o n i c  c i r c u i t r y ,  and a r e c o r d e r .  The probe 

i s  a c a p a c i t o r  coupled w i t h  an  o s c i l l a t o r  whose r e s o n a n t  f requency 

changes w i t h  t h e  changing c a p a c i t a n c e  of  t h e  probe.  The c a p a c i t a n c e  

of  t h e  probe i s  a f f e c t e d  by t h e  l i q u i d  c o n t e n t  of t h e  porous medium 

sur round ing  t h e  g l a s s  tube .  The probe condenser  c o n s i s t s  of  a 0.238 

inch O . D .  pyrex tube 36 inches  long,  s i l v e r  p l a t e d  on t h e  o u t s i d e ,  w i t h  

a 1 / 1 6  inch b r a s s  rod down t h e  i n s i d e  connected t o  a 114 inch  O.D.  

copper t u b e " a t  t h e  end. 

rod and t h e  s i l v e r  p l a t e  and i s  f i x e d .  The s e n s i t i v e  and v a r i a b l e  

p o r t i o n  o f  t h e  capacit :y i s  between t h e  s i l v e r  p l a t e  and t h e  copper tube .  

For r e c o r d i n g ,  t h e  f requency change i s  conver ted  t o  a DC v o l t a g e  whose 

magnitude i s  p r o p o r t i o n a l  t o  t h e  i n p u t  f requency.  

Most of the  c a p a c i t a n c e  i s  between t h e  b r a s s  

P r e l i m i n a r y  Experiments 

It was decided t o  run a s e r i e s  of  b a s i c  s i n g l e- p h a s e  exper iments  

p r i o r  t o  performing t h e  b o i l i n g  two-phase, non- isothermal  flow exper iments .  

These b a s i c  exper iments  inclucded: (1) measurement o f  a b s o l u t e  p e r m e a b i l i t y  

t o  gas  and l i q u i d  wa te r  a t  a range of  t empera tu res ,  ( 2 )  i n j e c t i o n  o f  ho t  

wa te r  i n t o  a system c o n t a i n i n g  wa te r  a t  a lower t empera tu re ,  (3)  c o l d  

w a t e r  i n j e c t i o n  i n t o  a system c o n t a i n i n g  h o t  w a t e r  i n i t i a l l y ,  and ( 4 )  

i n j e c t i o n  o f  steam i n t o  a system c o n t a i n i n g  l i q u i d  wa te r  a t  a lower 

t empera tu re .  The r e s u l t s  a r e  a s  fo l lows .  

F igure  18 p r e s e n t s  a b s o l u t e  p e r m e a b i l i t y  t o  n i t r o g e n  vs  t h e  r e c i p r o c a l  
0 

mean c o r e  p r e s s u r e  f o r  a v a r i e t y  of t empera tu res  r ang ing  from 75 F t o  

342'F, 

p e r m e a b i l i t y  t o  gas  ( a t  ze ro  r e c i p r o c a l  atmospheres)  and t h e  Klinkenberg 

s l i p  f a c t o r ,  b ,  t h e  s l o p e  of t h e  s t r a i g h t  l ine  on Fig.  18. A s  can be s e e n ,  

F igure  18 i s  a s t a n d a r d  graph used t o  de te rmine  both  t h e  a b s o l u t e  
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a l l  d a t a  f o r  t h e  s y n t h e t i c  sands tone  c o r e  can  be r e p r e s e n t e d  by a s i n g l e  

l i n e ,  i n d i c a t i n g  no s i g n i f i c a n t  e f f e c t  of  t empera tu re  l e v e l  f o r  t h e  

range  o f  t empera tu res  s t u d i e d .  However, t h e  Kl inkenberg f a c t o r  i s  3 . 7 7  

p s i ,  much h i g h e r  than  would be expected from c o r r e l a t i o n s  f o r  n a t u r a l  

sands tone  c o r e s .  Also shown on t h e  o r d i n a t e  of  Fig .  18 i s  t h e  a b s o l u t e  

p e r m e a b i l i t y  t o  wa te r  f o r  t h e  s y n t h e t i c  co re .  It i s  a few p e r c e n t  lower 

t h a n  t h e  a b s o l u t e  p e r m e a b i l i t y  t o  gas :  99 m i l l i d a r c i e s  v s  102 m i l l i d a r c i e s .  

Although no t  e v i d e n t  on Fig.  18, t h e  p e r m e a b i l i t y  t o  water was measured 

f o r  a range of t empera tu res  from 76'F t o  34OoF. 

by Weinbrandt,  Ramey, and Casse f o r  n a t u r a l  sands tones ,  no e f f e c t  of 

t empera tu re  was found. One s i g n i f i c a n t  d i f f e r e n c e  o t h e r  than  t h e  n a t u r e  

of  t h e  c o r e  was t h a t  t h e  c o r e  l o a d i n g  p r e s s u r e  ( p r e s s u r e  on t h e  H a s s l e r  

s l e e v e )  was on ly  300 p s i  f o r  our  runs  a s  compared t o  a t  l e a s t  s e v e r a l  

thousand p s i  f o r  t h e  Weinbrand, e t  a l . ,  s tudy .  

Unl ike  p rev ious  f i n d i n g s  

F i g u r e s  19 and 20 p r e s e n t  t empera tu re  vs .  d i s t a n c e  a long  t h e  c o r e  

f o r  i n j e c t i o n  o f  h o t  w a t e r  i n t o  a c o r e  i n i t i a l l y  a t  room temperature .  

Two d i f f e r e n t  i n j e c t i o n  r a t e s  were used.  F i g u r e s  2 1  and 22 show t h e  

r e v e r s e  procedure:  i n j e c t i o n  of  r e l a t i v e l y  c o o l  w a t e r  i n t o  a c o r e  

i n i t i a l l y  a t  about  250°F. 

d i s t a n c e  f o r  i n j e c t i o n  o f  steam i n t o  a s y n t h e t i c  c o r e  i n i t i a l l y  c o n t a i n i n g  

c o l d  w a t e r .  

F i n a l l y ,  F ig .  23  p r e s e n t s  t empera tu re  vs  

Much u s e f u l  i n f o r m a t i o n  can be e x t r a c t e d  from d a t a  such a s  a r e  shown 

i n  F igs .  19-23. F i g u r e s  19-22 p rov ide  b a s i c  in fo rmat ion  on s i n g l e- p h a s e  

non- isothermal  f low, e f f e c t i v e  thermal  c o n d u c t i v i t i e s  i n  t h e  d i r e c t i o n  

of  f low,  and h e a t  l o s s  r a d i a l l y  from t h e  core .  

h e a t  l o s s ,  two d e t e r m i n a t i o n s  can b e  o f  i n t e r e s t :  (1) t h e  thermal  

e f f i c i e n c y  of  t h e  i n j e c t i o n ,  and (2) t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  

f o r  t h e  c o r e  w i t h i n  t h e  s l e e v e  t o  t h e  su r round ings .  

e f f i c i e n c y  has  been d e f i n e d  i n  o i l  r ecovery  by h o t  f l u i d  i n j e c t i o n  a s  t h e  

f r a c t i o n  of t h e  cumula t ive  h e a t  which i s  s t i l l  w i t h i n  t h e  i n j e c t i o n  

i n t e r v a l  ( t h e  remainder being l o s t  t o  overburden and underburden) .  I n  

t h e  c a s e  of c o l d  w a t e r  i n j e c t i o n ,  w e  would be i n t e r e s t e d  i n  t h e  h e a t  

gained from t h e  su r round ings .  

I n  r e g a r d  t o  r a d i a l  

I n  t h e  former ,  thermal  

Th i s  would be analogous  t o  a co ld  wa te r  
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Figure  19 .  Temperature vs,, Dis t ance  f o r  Hot Water I n j e c t i o n .  
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Figure  20. Temperature vs .  D i s t ance  f o r  Hot Water I n j e c t i o n .  
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. 
wate r  i n j e c t i o n  f o r  h e a t  scavenging i n  geothermal  energy o p e r a t i o n s .  

The thermal  e f f i c i e n c y  can be determined r e a d i l y  by i n t e g r a t i o n  of t h e  

s e n s i b l e  h e a t  w i t h  r e s p e c t  t o  volume of  t h e  c o r e  ( s e e  Crichlow).  I n  

regard  t o  t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  c o r e  h o l d e r ,  

s e v e r a l  i n t e r e s t i n g  p o s s i b i l i t i e s  can be seen  i n  F i g s .  19-23. For  t h e  

s i n g l e  phase f low exper iments ,  t h e  t empera tu re  p r o f i l e s  become l i n e a r  

a t  long i n j e c t i o n  times i n d i c a t i n g  t h e  h e a t  l o s s  p e r  u n i t  l e n g t h  i s  a 

c o n s t a n t .  Thus t h e  t o t a l  heat. l o s s  can be averaged and a s i m p l e  de- 

t e r m i n a t i o n  of  t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  made. Another 

p o s s i b i l i t y  can be s e e n  i n  Fig .  2 3  f o r  t h e  steam i n j e c t i o n  case .  The 

l i n e a r  p o r t i o n  o f  t h e  t empera tu re  p r o f i l e s  from t h e  i n l e t  of  t h e  c o r e  

i s  t h e  condensing steam reg ion .  A l l  r a d i a l  h e a t  l o s s  would have t o  be 

s u p p l i e d  by l a t e n t  h e a t  of  condensat ion.  

i n d i c a t e s  t h a t  a l l  s team has  been condensed. It i s  t h u s  p o s s i b l e  t o  

de te rmine  t h e  h e a t  l o s s  from t h e  i n l e t  of  t h e  c o r e  t o  t h e  steam f r o n t ,  

and t h u s  t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t .  

The s h a r p  b reak  downwards 

A t  t h i s  s t a g e ,  our  main e f f o r t  h a s  gone i n t o  d e s i g n ,  c o n s t r u c t i o n ,  

and p r e l i m i n a r y  o p e r a t i o n  of  t h e  a p p a r a t u s .  Learning t o  make s a t i s f a c -  

t o r y  s y n t h e t i c  sands tone  c o r e s  was a p a i n s t a k i n g  procedure  i t s e l f .  

Although a g r e a t  d e a l  o f  exper imenta l  in fo rmat ion  h a s  been o b t a i n e d ,  f a r  

beyond t h a t  i l l u s t r a t e d  i n  t h e  p reced ing  f i g u r e s ,  it has  no t  been p o s s i b l e  

t o  make o t h e r  than  p r e l i m i n a r y  a n a l y s e s  o f  t h e  d a t a .  

be made i n  t h e  n e a r  f u t u r e .  

These a n a l y s e s  w i l l  

Two-Phase E& Experiments 

It shou ld  be  c l e a r  t h a t  t h e  steam i n j e c t i o n  experiment shown on 

Fig.  23 a c t u a l l y  i n v o l v e s  two-phase flow of steam and l i q u i d  w a t e r  i n  

t h e  steam zone from t h e  c o r e  i n l e t  t o  t h e  steam f r o n t .  More work w i l l  

be done w i t h  t h i s  s o r t  o f  exper iment .  

under t h e  c a t e g o r y  of “Two-Phase Flow Experiments” was s t e a d y  i n j e c t i o n  

of h o t ,  compressed l i q u i d  wa te r  i n t o  one end of  a c o r e  a t  a r a t e  such 

t h a t  a b o i l i n g  f r o n t  would form somewhere w i t h i n  t h e  c o r e  l e n g t h  l e a d i n g  

t o  a d e f i n i t i v e  two-phase, d e c l i n i n g  t empera tu re  and p r e s s u r e  f l ow  reg ion .  

But t h e  main experiment cons ide red  
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The expe r imen ta l  procedure  i s  a s  fo l lows ,  F i r s t ,  t h e  c o r e  i s  s a t u r a t e d  

w i t h  water and h e a t e d  t o  a n  i n i t i a l  t empera tu re  and p r e s s u r e  w e l l  w i t h i n  

t h e  compressed l i q u i d  r e g i o n  f o r  f l a t - s u r f c e  water- s team equ i l i b r ium.  

During t h e  h e a t i n g  procedure ,  h o t  w a t e r  i s  c i r c u l a t e d  a t  a low r a t e  

through t h e  c o r e  w i t h  t h e  o u t l e t  c o n d i t i o n s  main ta ined  i n  t h e  l i q u i d  

reg ion .  A f t e r  t empera tu re s  a long  t h e  a x i s  have s t a b i l i z e d ,  two-phase 

flow i s  i n i t i a t e d  by opening t h e  o u t l e t  v a l v e  and i n c r e a s i n g  t h e  flow 

r a t e  and t h u s  t h e  p r e s s u r e  drop  a c r o s s  t h e  co re .  

menta l  c o n d i t i o n s  can be  o h t a i n e d  by changing t h e  i n l e t  t empera tu re  and 

t h e  p r e s s u r e  drop  a c r o s s  t h e  core , ,  P r e s s u r e s  a t  t h e  f i v e  t r a n s d u c e r  

t a p s  and t empera tu re  i n  t h e  a x i a l  d i r e c t i o n  a r e  measured. 

t o  a c h i e v e  ve ry  s t e a d y  tempera ture  and p r e s s u r e  d i s t r i b u t i o n s ,  a l t hough  

i t  had been a n t i c i p a t e d  t h a t  c o n d i t i o n s  would never  b e  t r u l y  s t e a d y  s t a t e .  

A v a r i e t y  o f  experi- 

It i s  p o s s i b l e  

F igu re  24 p r e s e n t s  t empera tu re  vs  d i s t a n c e  a long  t h e  c o r e  f o r  

i n j e c t i o n  of  c o o l e r  wa te r  i n t o  a c:ore i n i t i a l l y  c o n t a i n i n g  h o t  w a t e r .  

This  i s  a n  i n t e r e s t i n g  experiment  which w i l l  h e  s u b j e c t  t o  r e p l i c a t i o n  

and a g r e a t  d e a l  o f  a n a l y s i s  i n  t h e  coming year .  

t empera tu re  and p r e s s u r e  v s  d i s t a n c e  a long  t h e  s y n t h e t i c  c o r e  f o r  a 

range of  flow r a t e s .  These f i g u r e s  show it i s  expe r imen ta l ly  p o s s i b l e  

t o  produce s i g n i f i c a n t  changes i n  both  t empera tu re  and p r e s s u r e  w i t h i n  

t h e  two-phase b o i l i n g  f low r e g i o n  i n  t h e  s y n t h e t i c  co re .  

t h e s e  runs  have n o t  been completed a t  t h i s  time. 

Report No. 1, c a l c u l a t i o n  o f  t h e  h e a t  l o s s  v i a  t h e  o v e r a l l  h e a t  t r a n s f e r  

c o e f f i c i e n t  should permi t  c a l c u l a t i o n  of t h e  f lowing  r e l a t i v e  p e r m e a b i l i t y  

r a t i o  ( e f f e c t i v e  l i q u i d  p e r m e a b i l i t y  d i v i d e d  by e f f e c t i v e  gas  p e r m e a b i l i t y )  

a t  each p o i n t  a l o n g  t h e  c o r e ,  

c o n t a i n i n g  l i q u i d  phase)  can be  de termined ,  it  w i l l  b e  p o s s i b l e  t o  produce 

r e l a t i v e  p e r m e a b i l i t i e s  t o  steam and h o t  wa te r  v s  l i q u i d  con ten t .  The 

p r e l i m i n a r y  runs  d e s c r i b e d  i n  t h e  p reced ing  f i g u r e s  were made w i t h  s y n t h e t i c  

c o r e s  w i thou t  t h e  g l a s s  t u b e  f o r  t h e  d i e l e c t r i c  c o n s t a n t  l i q u i d  s a t u r a t i o n  

probe. The main purpose had been t h e  checking o f  t h e  d e s i g n  parameters  

o t h e r  t han  l i q u i d  c o n t e n t  measurement. 

a s y n t h e t i c  c o r e  w i t h  a g l a s s  l i q u i d  c o n t e n t  probe has  been made and 

F i g u r e s  25-28 show 

Analyses o f  

A s  d e s c r i b e d  i n  P r o g r e s s  

I f  l i q u i d  s a t u r a t i o n  (po re  volume f r a c t i o n  

A t  t h e  t i m e  o f  t h i s  r e p o r t i n g ,  
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Figu re  24.  Temperature vs .  D i s t ance  f o r  Two-Phase Flow. 
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Figure 26. Pressure vsi. Distance f o r  Two-Phase Flow. 
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t e s t e d  a t  room tempera ture .  Durin.g h e a t i n g  o f  th 'e  a i r  ba th ,  i t  appea r s  

t h e  pyrex t u b e  f a i l e d  and w e  a r e  c u r r e n t l y  e x p l o r i n g  t h e  r ea son  f o r  t h e  

f a i l u r e .  It i s  r e a s s u r i n g  t h a t  t h e  probe appeared t o  be  f u n c t i o n i n g  w e l l  

p r i o r  t o  t h e  f a i l u r e .  

A s  a n  a i d  t o  t h e  p l ann ing  of l i q u i d  c o n t e n t  measurement, c a l c u l a t i o n s  

o f  p o t e n t i a l  l i q u i d  s a t u r a t i o n s  f o r  runs  such a s  Runs 2 and 4 were made, 

To do t h i s  c a l c u l a t i o n ,  i t  was neces sa ry  t o  assume a r e l a t i v e  p e r m e a b i l i t y  

r a t i o - l i q u i d  s a t u r a t i o n  r e l a t i o n s h i p .  Two c a s e s  were assumed: t h e  d a t a  o f  

Weinbrandt f o r  c o n s o l i d a t e d  sands tones ,  and t h e  Muskat, Wykoff and B o t s e t  

d a t a  f o r  unconso l ida t ed  sands.  F igu re  29 p r e s e n t s  t h e  computed l i q u i d  

s a t u r a t i o n  v s  d i s t a n c e  a long  t h e  c o r e ,  and Fig.  30 p r e s e n t s  t h e  

c a l c u l a t e d  steam-water r e l a t i v e  p e r m e a b i l i t i e s .  It i s  l i k e l y  t h a t  

t h e  Weinbrandt d a t a  w i l l  be c l o s e r  t o  r e a l i t y  f o r  t h e  c o n s o l i d a t e d  

c o r e s  of t h i s  s tudy  t h a n  t h e  unconso l ida t ed  sand d a t a  of Muskat, 

e t  a l .  

Fu tu re  P l a n s  
I 

Thi s  p r o j e c t  r e q u i r e s  slow, p a i n s t a k i n g  exper iments  t o  ach ieve  h igh  

q u a l i t y  i n fo rma t ion .  

a p p a r a t u s  has been used d u r i n g  t h e  l a s t  y e a r  w i t h  minimal i n s t r u m e n t a t i o n  

neces sa ry  t o  a c h i e v e  t y p i c a l  r e s u l t s .  

s a t u r a t i o n  probe ,  a l l  d e s i g n  systems have been prolven a s  o p e r a t i o n a l .  

During t h e  coming p e r i o d ,  i t  i s  in tended  t o  d u p l i c a t e  t h e  bench- sca le  

models such t h a t  s e v e r a l  c o r e s  can be run  i n  p a r a l l e l ,  r a t h e r  t h a n  i n  

s e r i e s .  Th i s  should  speed a c q u i s i t i o n  o f  d a t a  cons ide rab ly .  I n  a d d i t i o n ,  

f u n c t i o n a l  i n s t r u m e n t a t i o n  ( p a r t i c u l a r l y  p r e s s u r e  t r a n s d u c e r  t a p s )  w i l l  

be i nc reased  t o  p rov ide  more de t a i l .  i n  p r o f i l e  d a t a .  

Another major e f f o r t  w i l l  b e  proving  t h e  l i q u i d  s a t u r a t i o n  d i -  

I n  o r d e r  t o  minimize was t e  o f  r e s o u r c e s ,  a s i n g l e  

With t h e  excep t ion  o f  t h e  l i q u i d  

e l e c t r i c  c o n s t a n t  probe ,  o r  s e l e c t i o n  of some a l t e r n a t e  system ( r a d i o -  

a c t i v e  t r a c e r s ,  microwave a t t e n u a t i o n ,  gamma r a y ,  e t c . ) .  Because Baker 

has  used t h e  d i e l e c t r i c  probe under  s team i n j e c t i o n  i n  o t h e r  flow model 

work, w e  a r e  hope fu l  t h a t  t h i s  method w i l l  prove s u c c e s s f u l .  But whether  

s u c c e s s f u l  o r  n o t ,  i t  appea r s  wise t o  p r e p a r e  a thorough s t u d y  of  t h e  
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v a r i e t y  of  methods which might be u s e f u l  f o r  t h i s  purpose.  In- p lace  

phase  s a t u r a t i o n  d e t e r m i n a t i o n  h a s  a lways  been a d i f f i c u l t  problem 

i n  mul t iphase  f low i n  porous  media. 
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. 

LABORATORY EXPERIMENTS 

During t h e  l a s t  y e a r ,  i t :  h a s  become a p p a r e n t  t h a t  s e v e r a l  l a b o r a t o r y  

exper iments  should  be run  i n  p a r a l l e l  r a t h e r  t h a n  i n  ser ies  i f  t h e  a p p l i -  

c a t i o n  o f  r e s e a r c h  r e s u l t s  t o  p r a c t i c a l  problems can be made t o  meet 

n a t i o n a l  energy o b j e c t i v e s .  For t h i s  r eason ,  s e v e r a l  exper iments  were 

moved up i n  t h e  program t i m e  schedule .  

h e a t  and mass t r a n s f e r  i n  porous f r a c t u r e d  rocks  and f r a c t u r e d  non-porous 

r o c k s ,  and o p e r a t i o n  o f  geothermal  r e s e r v o i r  models. A d i s c u s s i o n  of  

each fol lows.  

These inc luded  exper iments  on 

Nass T r a n s f e r  &I Porous and F r a c t u r e d  Media 

F r a c t u r e d  porous rocks  c o n t a i n  two t y p e s  of void  s p a c e ;  macropores,  

which a r e  vo id  volumes between rock f ragments ,  and micropores ,  t h e  pore  

space  i n s i d e  i n d i v i d u a l  rock f ragments ,  

p o r o s i t y  o r  f r a c t u r e s .  

i s  expec ted  t o  o c c u r  p r i m a r i l y  through t h e  macropores. 

t r a n s f e r  does  e x i s t  b e t e e n  t h e  w a t e r  i n s i d e  t h e  micropores  and p o t e n t i a l l y  

c o o l e r  wa te r  i n  t h e  macropores,  h e a t  e x t r a c t i . o n  by c i r c u l a t i n g  f l u i d s  

may b e  s i g n i f i c a n t ,  

Micropores may be e i t h e r  n a t u r a l  

F l u i d  f low through c e r t a i n  geothermal  r e s e r v o i r s  

However, i f  mass 

Heat may be recovered from f r a c t u r e d  rock i n  a geothermal  r e s e r v o i r  

by c i r c u l a t i o n  of  geothermal  f l u i d s  through t h e  format ion.  The h e a t  

t r a n s f e r  i s  accomplished by two mechanisms; fo rced  convec t ive  h e a t  t r a n s -  

f e r  and f l u i d  mass t r a n s f e r .  Forced convec t ive  h e a t  t r a n s f e r  occurs  

between t h e  h o t  rock and t h e  i n j e c t e d  f l u i d  f lowing through t h e  macro- 

pores .  The mechanism o f  f l u i d  mass t r a n s f e r  between h o t  wa te r  i n s i d e  

t h e  micropores  and c o o l e r  w a t e r  i n s i d e  t h e  macropores h a s  n o t  been s t u d i e d ,  

The s tudy  of mass t r a n s f e r  phenomena i n s i d e  a h i g h l y  f r a c t u r e d  geo- 

thermal  r e s e r v o i r  can  be s i m p l i f i e d  by measurement o f  mass t r a n s f e r  w i t h i n  

i n d i v i d u a l  rocks .  

a d d i t i o n  o f  a t r a c e r  t o  t h e  micropore water. 

of  immense v a l u e  i n  s t u d i e s  r e q u i r i n g  chemical  and p h y s i c a l  p r o p e r t i e s  

e s s e n t i a l l y  s i m i l a r  t o  w a t e r  i s  t h e  r a d i o a c t i v e  i s o t o p e  of  hydrogen,  

An e f f e c t i v e  means of  making such s t u d i e s  i s  by 

A t r a c e r  which h a s  proven 
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3H, ( t r i t i u m ,  T) ,  a v a i l a b l e  i n  t h e  form o f  t r i t i a i t e d  w a t e r ,  HTO. 

p r e l i m i n a r y  l a b o r a t o r y  exper iments  invo lve  s p h e r i c a l  rocks  i n i t i a l l y  

s a t u r a t e d  with t r i t i a t e d  water. These r o c k s  a re  suddenly  immersed i n  

a completely-mixed t a n k  o f  u n l a b e l e d  water, and measurements of t h e  con- 

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  a r e  made a s  a 

f u n c t i o n  of t i m e .  

The 

A mathemat ica l  model h a s  been des igned  t o  r e p r e s e n t  t h i s  p h y s i c a l  

system. The mass t r a n s p o r t  i s  e v a l u a t e d  i n  terms o f  a n  e f f e c t i v e  d i f -  

f u s i v i t y  parameter .  

t h e  l a b o r a t o r y  exper iments  t o  t e s t :  t h e  v a l i d i t y  of t h e  concept  and t o  

e s t i m a t e  t h e  v a l u e  o f  t h e  e f f e c t i v e  d i f f u s i v i t y  parameter .  

i s  v a l i d ,  t h e  e f f e c t i v e  d i f f u s i v i t y  determined from t h e  exper imenta l  

d a t a  can be r e l a t e d  t o  rock p r o p e r t i e s  by pa ramete r s  which have reason-  

a b l e  v a l u e s .  

The mathemat ica l  model then  can be used t o  p l a n  

I f  t h e  model 

The Mathemat ica l  Model--Figure 31  r e p r e s e n t s  a t i m e  sequence of a 

s i m p l e  model of d i f f u s i o n  of  t r i t i a t e d  water from a s i n g l e  rock  i n t o  a 

su r round ing  f l u i d .  An e f f e c t i v e  c o r e  o f  porous ,  permeable rock  o f  

r a d i u s  r 

e x t e r n a l  wa te r  f r o n t  h a s  n o t  y e t  d i f f u s e d ,  so  t h a t  t h e  i n i t i a l  concen- 

t r a t i o n  of t r i t i a t e d  w a t e r  w i t h i n  t h e  c o r e ,  Cc ,  i s  c o n s t a n t .  

31a shows t h e  c o n c e n t r a t i o n  p r o f i l e  i n  a rock i n i t i a l l y  s a t u r a t e d  w i t h  

N .  molecules  o f  HTO i n  a su r round ing  f l u i d  of  e x t e r n a l  w a t e r  w i t h  z e r o  

molecules  o f  HTO. F igure  31-b r e p r e s e n t s  t h e  HTO c o n c e n t r a t i o n  i n  t h e  

rock a t  t ime t. F i g u r e  31-C e x h i b i t s  t h e  HTO c o n c e n t r a t i o n  a f t e r  a n  

i n f i n i t e  t ime.  

- 

i s  used  t o  deno te  t h e  average  s p h e r i c a l  r e g i o n  i n t o  which t h e  
C 

F i g u r e  

1 

With t h e  assumpt ion of  a pseudo-s teady s t a t e  sys tem i n  which, a f t e r  

a n  i n i t i a l l y  r a p i d  t r a n s i e n t  p e r i o d ,  t h e  r a t e  of  change o f  c o n c e n t r a t i o n  

i s  slow, t h e  t r a n s f e r  r a t e  o f  t h e  t r i t i a t e d  w a t e r  i s  c o n s t a n t  throughout  

t h e  d i f f u s i o n  zone and i s  g iven  by: 

(23) 
dN 2 2 2 
d t  
- -  - 4wr Q = 4nR Q, =: 4rrcQc = c o n s t a n t  

where : 

N = number o f  molecules  of  t r i t i a t e d  w a t e r  
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Q = f l u x  of  t r i t i a t e d  w a t e r  through a surfac:e a t  r a d i u s  r 

S Q = f l u x  o f  t r i t i a t e d  wa te r  through t h e  rock  s u r f a c e  

Q = f l u x  o f  t r i t i a t e d  wa te r  .through t h e  c o r e  s u r f a c e .  
C 

The f l u x  of  t r i t i a t e d  wa te r  through t h e  s u r f a c e  a t  r a d i u s  r may 

be expressed  by F i c k ' s  law €or  d i f f u s i o n  a s :  

dC 
e d r  

Q = = D  - 

where D i s  t h e  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  wa te r  i n  t h e  rock.  e 
The v a l u e  of  D should  be a f u n c t i o n  of t h e  p o r o s i t y  and p e r m e a b i l i t y  

of  t h e  porous media, and o f  t h e  o r i e n t a t i o n ,  d e n s i t y  and connec t ion  of  

f r a c t u r e s .  

e 

From ( 2 3 )  and (24 ) ,  we can  o t r ta in  t h e  t r a n s f e r  r a t e  through a 

s u r f a c e  of r a d i u s  r a s :  

- -  d N - 4 ~ D  - =  dC c o n s t a n t  
d t  e d r  

The t r a n s f e r  r a t e  i n  t h e  p a r t i a l l y  d i f f u s e d  rock  (can be r e l a t e d  t o  t h e  

c o r e  r a d i u s  by i n t e g r a t i n g  (25) from R t o  r . 
C 

w i t h  t h e  s o l u t i o n :  

However, t h e  s i z e  of  t h e  c o r e  does change s lowly  w i t h  t i m e ,  and a s  

t h e  c o r e  s h r i n k s ,  t h e  t r a n s f e r  r a t e  w i l l  a l s o  d e c r e a s e ,  The dec rease  of 

t r i t i a t e d  wa te r  i n  t h e  c o r e ,  dN, i s  r e l a t e d  t o  d r  by: 
C. 

4 3 2 
3 c  c c c: dN = +-rrC d ( r c )  = + ~ I T C  r d r  

where + i s  p o r o s i t y  o f  t h e  rock.  

Replacing dN i n  (27) by (28), w e  o b t a i n :  

d r  
C )dt = Dc(Cc - C,,) 

2 1  1 $IC r (- - - c c R  r 
C 

, 
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o r :  
1 1 2  

c . R  r c c $C,(-  - --)r d r  = Dc(Cc - Cb)dt 
c 

I n t e g r a t i n g  from t h e  end of t h e  r a p i d  t r a n s i e n t  p e r i o d ,  

d t  (C - Cb) :L 2 
rc c c 

r 

r 
@ C c i  ' ( i  - --)r d r  - 

The e f f e c t i v e  d i f f u s i v i t y ,  De ,  i s :  

641 (Cc - Cb)dt 
J O  

( 3 2 )  

The e f f e c t i v e  c o r e  r a d i u s ,  r can  b e  r e l a t e d  t o  measurable  quan- 
C '  

t i t i e s  through a m a t e r i a l  ba lance  f o r  t h e  t r i t i a t e d  wa te r .  The t r i t i a t e d  

wa te r  ex i s t s  i n  t h r e e  phases :  c o r e ,  t h e  su r round ing  f l u i d ,  and t h e  l a y e r  

between t h e  c o r e  and t h e  su r round ing  f l u i d .  

i s  c o n s t a n t ,  and t h e  e x t e r n a l  
cC , Because t h e  c o r e  c :oncentra t ion,  

f l u i d  c o n c e n t r a t i o n ,  C b ,  can be measured, on ly  t h e  d i s t r i b u t i o n  of  

t r i t i a t e d  w a t e r  i n  t h e  i n t e r m e d i a t e  l a y e r  needs t o  be determined.  The 

pseudo- steady s t a t e  m a t e r i a l  ba lance  of  t r i t i a t e d  wa te r  i n  t h e  i n t e r -  

media te  l a y e r  a t  t ime t r e s u l t s  from t h e  fo l lowing  e q u a t i o n :  

= o  -- d"C + 2 
d r 2 r d r  

w i t h  t h e  boundary c o n d i t i o n s :  C = C a t  r = R and C = C a t  r = r . 
The s o l u t i o n  of (33) i s :  

b C C 

RCb - r C c c  

C 

-- c = ---- C " ' b 1  
1 1 r  + R - r  

r R  
- - -  

C 

The i n i t i a l  amount of  t r i . t i a t e d  w a t e r  i n  t h e  rock i s  g iven  by: 

4 3  Ni = 7 R  @Cc 

( 3 3 )  

( 3 4 )  

(35) 
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A t  t i m e  t ,  t h e  inven to ry  o f  t r i t i a t e d  w a t e r  i s  d i s t r i b u t e d  i n  t h e  c o r e ,  

t h e  sur rounding  f l u i d ,  and t h e  i n t e r m e d i a t e  layer:. The amount i n s i d e  

t h e  c o r e  i s :  

4 3  
c 3 c c  N   IT^ $C 

The amount i n  t h e  sur round f l u i d  is:  

N = C V ,  b b  ( 3 7 )  

where V i s  t h e  volume of t h e  e x t e r n a l  f l u i d .  The amount i n  t h e  i n t e r -  

media te  l a y e r  can be ob ta ined  from: 

2 R 

r 
NR = $C4.rrr d r  

C 

S u b s t i t u t i n g  ( 3 4 )  i n t o  ( 3 8 )  r e s u l t s  i n  

C N R  r 
- - -  1 r  + RCb R - r  - rcccldr 

C r R  
C 

There fo re  t h e  m a t e r i a l  ba l ance  f o r  t r i t i a t e d  w a t e r  i n  t h e  t o t a l  system 

can be  w r i t t e n  a s :  

4a$(RCb - r C ) c c  3 3 + -(R - r c )  
3 ( R  - r c )  

and s i m p l i f i e d  t o :  

( 4 1 )  2 2 2 2  
[ y R $  (Cc-Cb) 1 rc+[TR $ (Cc-Cb) 1 rc+[CbV- $R3@ (Cc-Cb) 1 = 0 

- 6 6 -  
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Equa t ion  ( 4 1 )  r e l a t e s  t h e  measurable  q u a n t i t i e s ,  C c ,  C b ,  R ,  4 and 

V ,  t o  t h e  e f f e c t i v e  c o r e  r a d i u s  r f o r  a p s e u d o- s t e a d y- s t a t e  model, The 

e f f e c t i v e  d i f f u s i v i t y ,  D e ,  can be c a l c u l a t e d  from (32) and (41 )  from 

t h e  known v a l u e s  of  R ,  $, V ,  iZc, and t h e  measured v a l u e s  o f  C 

f u n c t i o n  o f  t ime.  

C 

a s  a b 

Proposed Experiment - -A s p h e r e  o f  sands  tone  s a t u r a t e d  w i t h  t r i t i a  t ed 

wa te r  o f  known c o n c e n t r a t i o n  is suddenly p1ac:ed i n  a completely-mixed 

t ank  of  wa te r .  The c o n c e n t r a t i o n  of t r i t i a t e d  w a t e r  i n  t h e  t ank  i s  

measured a t  s e v e r a l  t i m e s  w i t h  a l i q u i d  s c i n t i l l a t i o n  coun te r .  From 

t h e s e  d a t a ,  a cu rve  o f  t h e  c o n c e n t r a t i o n  a s  a f u n c t i o n  of  t i m e  can be 

o b t a i n e d .  A schemat ic  o f  t h e  experiment i s  g iven  i n  F i g u r e  3 2 .  

can be determined from (32) and ( 4 1 )  De’ The e f f e c t i v e  d i f f u s i v i t y ,  

by g r a p h i c a l  i n t e g r a t i o n  o f  j r (Cc  - Cb)dt .  One t e s t  of  t h e  v a l i d i t y  of  

t h e  model i s  t h e  constancy o f  D over  a r e a s o n a b l e  p e r i o d  o f  time. e 
The e f f e c t i v e  d i f f u s i v i t y ,  D i s  independent  o f  t h e  s i z e  of  t h e  

rock sample. Another way t o  v e r i f y  t h e  v a l i d i t y  of  t h i s  model i s  t o  check 

whether D i s  reasonab ly  c o n s t a n t  f o r  a range of  rock s i z e s .  

e’ 

e 
The e f f e c t i v e  d i f f u s i v i t y ,  D e ,  should  b e  s e n s i t i v e  t o  s e v e r a l  proper-  

t i e s  of  porous media, such a s  g r a i n  s i z e  and degree  o f  cementa t ion.  N a t u r a l  

sands tone  a s  w e l l  a s  a r t i f i c i a l  sands tone  w i t h  d i f f e r e n t  g r a i n  s i z e  and 

d i f f e r e n t  degree  o f  cementa t ion w i l l  be emp1o:yed i n  t h e  exper iments .  

F r a c t u r e s  may be a n o t h e r  impor tan t  f a c t o r  i n f l u e n c i n g  D . A r t i f i c i a l  e 
f r a c t u r e s  w i l l  b e  made i n  some rock specimens.  D i r e c t i o n  and connec t ion  

of  f r a c t u r e s  may nake D a n i s o t r o p i c .  The e f E e c t  o f  f r a c t u r e s  on mass 

t r a n s f e r  w i l l  be f u r t h e r  s t u d i e d  a f t e r  e x p e r i e n c e  h a s  been ga ined  w i t h  

i d e a l  porous media. 

e 

Heat T r a n s f e r  i n  F r a c t u r e d  Rock -- -- - - 

An impor tan t  p r o p e r t y  o f  f r a c t u r e d  rock  :in a geothermal  r e s e r v o i r  

i s  i t s  thermal  c o n d u c t i v i t y .  The importance of a r t i f i c i a l  f r a c t u r i n g  

methods t o  s t i m u l a t e  t h e  p r o d u c t i v i t y  o f  geothermal r e s e r v o i r s  w i l l  depend 

p a r t l y  on t h e  change i n  t h e  th’ermal conductivj.t.y of t h e  rock  caused by 
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Figure 32. Schematic of Proposed Mass Transfer  Experiment 
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f r a c t u r i n g .  To o u r  knowledge, t h e r e  i s  no in fo rmat ion  on t h e  e f f e c t  of  

c r a c k  p o r o s i t y  on t h e  thermal1 c o n d u c t i v i t y  o f  rock  samples.  Appendix A 

l i s t s  f i v e  g e n e r a l  approache!s t o  t h e  e v a l u a t i o n  of e f f e c t i v e  thermal  con- 

d u c t i v i t y  o f  a porous medium. 

p a r a l l e l  models a r e  d e r i v e d  from p o t e n t i a l  flow a n a l o g i e s .  The geometr ic  

mean approach u s e s  p o r o s i t y  t o  e v a l u a t e  t h e  e f f e c t  of t h e  pore  c o n d u c t i v i t y  

on t h e  e f f e c t i v e  c o n d u c t i v i t y  of  t h e  media. The e l e c t r i c  ana log  i s  de-  

veloped from t h e  s i m i l a r i t y  o f  e l e c t r i c  c o n d u c t i v i t y  through a s o l i d  

conta ini r ig  i n c l u s i o n s  t o  thermal  c o n d u c t i v i t y  through a s o l i d  c o n t a i n i n g  

pores  (which a c t  a s  h e a t  f low b a r r i e r s ) .  S t u d i e s  have been r e p o r t e d  on t h e  

the rmal  c o n d u c t i v i t y  of rock  f ragments  inwai ter  (Sass  and Lachenbruch, 1 9 7 1 1 .  

Th i s  s tudy  w i l l  examine t h e  thermal  c o n d u c t i v i t y  of  s a t u r a t e d  c o n s o l i d a t e d  

rock  w i t h  v a r y i n g  degrees  of c rack ing .  

thermal  c o n d u c t i v i t y  vs p o r o s i t y  f o r  a s o l i d  c o n t a i n i n g  f r a c t u r e s .  A 

lower c o n d u c t i v i t y  r e s u l t s  when h e a t  f low i s  normal t o  e x i s t i n g  c r a c k s .  

I n  a n  i d e a l i z e d  geothermal  r e s e r v o i r ,  t h e  vo id  space  may be f i l l e d  

The series p a r a l l e l ,  and combinat ion series- 

F i g u r e  33  shows t h e  h y p o t h e c i c a l  

w i t h  l i q u i d  w a t e r  a n d / o r  steam. 

t h e  r e s e r v o i r  and t h e  mass produced and i t s  e n t h a l p y  shou ld  de te rmine  

t h e  r e l a t i v e  abundance o f  each phase.  The e f f e c t i v e  h e a t  c o n d u c t i v i t y  

o f  t h e  rock-water  system w i l l  depend depend a t  l e a s t  on t h e  f l u i d  phases  

p r e s e n t .  A s  t h e  p r e s s u r e  i s  reduced,  t h e  l i q u i d  may f l a s h  t o  steam, and 

t h e  thermal  c o n d u c t i v i t y  o f  t h e  f l u i d  cou ld  be  reduced by a f a c t o r  of  15 

t o  20, depending on t h e  t empera tu re  o f  t h e  f l u i d  and o t h e r  f a c t o r s .  

The h e a t  e x t r a c t e d  from t h e  r e s e r v o i r  could  be a f u n c t i o n  o f  t h e  

The p r e s s u r e  and t empera tu re  h i s t o r y  of  

h e a t  c o n t e n t  o f  t h e  geothermal  f l u i d s  and t h e  h e a t  t r a n s f e r  from t h e  

ock t o  t h e  produced f l u i d .  The thermal  c o n d u c t i v i t y  of  t h e  rock would 

rhen a f f e c t  t h e  t ime response  of t h e  h e a t  t r a n s f e r  from a h o t t e r  rock t o  

a c o l d e r  c i r c d l a t i n g  f l u i d .  This  i s  g e n e r a l l y  expressed  i n  terms o f  t h e  

Biot  number, B i ,  d e f i n e d  a s  t h e  r a t i o  of  convec t ive  h e a t  t r a n s f e r ,  from 

t h e  s o l i d  t o  t h e  f l u i d ,  t o  t h l e  conduc t ive  h e a t  t r a n s f e r  of  t h e  s o l i d ;  and 

t h e  F o u r i e r  modulus, Fo, d e f i n e d  as t h e  r a t i o  o f  t h e  s o l i d  c o n d u c t i v i t y  

t o  t h e  s o l i d  h e a t  c a p a c i t y .  An energy b a l a n c e  on t h e  r o c k - f l u i d  system 

f o r  a d i f f e r c n t i a l  t ime can be expressed  a s :  
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0 0.2 0.4 0.6 0.8 
P o r o s i t y  

1. h e a t  f low p a r a l l e l  t o  f r a c t u r e s  

2 .  i s o l a t e d  s p h e r i c a l  p o r e s  

3 .  i s o l a t e d  cubic: p o r e s  

4 .  mean curve  of t h e  c u b i c  type  

5. b i m i n e r a l  r o c k s  ( reduced t o  g r a i n  c o n t a c t s )  

6 .  h e a t  f low a c r o s s  f r a c t u r e s  

F igure  33. k e l a t i v e  E f f e c t  of  P o r o s i t y  on ‘Yhermal Conduc t iv i ty .  
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. 

where : 

T =  
T, = 

A =  

c =  

h =  

t =  

P =  

v =  
E i  = 

FO = 

4 =  
L =  

0 
t empera tu re  ( F) 

t empera tu re  of  c i r c u l . a t i n g  f l u i d  ( F) 
0 

n L s u r f a c e  a r e a  ( f t  ) 

h e a t  c a p a c i t y  (Btu/lbmoF) 

convect:ive h e a t  t r a n s f e r  c o e f f i c i e n t  ( B t u / h r - f t  - F) 

t ime ( h r )  

d e n s i t y  ( l b  / f t  ) 

volume ( f t  ) 

Bio t  number (hL/ks) (d imens ion less )  
2 

F o u r i e r  modulus (k t / c L  ) (d imens ion less )  

p o r o s i t y  (d imens i o n l e s s )  

c h a r a c t e r i s t i c  l e n g t h  = V/A ( f t )  

2 0  

3 

3" 

S 

I n t e g r a t i o n  w i t h  r e s p e c t  t o  t i n e  y i e l d s  

m - (Bi)  (Fo) T - T  

T - T  
. -  - e  

02 0 

(43) 

0 
where T i s  t h e  i n i t i a l  t empera tu re  of t h e  r m k  ( F ) .  

0 

Express ing ( 4 2 )  i n  terms of  h e a t  flow and i n t e g r a t i n g  w i t h  r e s p e c t  

to t ime y i e l d s :  

- (Bi)  (Fo)  cpL Q-= 11 - e  1 [--I 
hA (T, '- To)  hS 

( 4 4 )  

where Q i s  t h e  t o t a l  h e a t  f low ( B t u / h r ) .  Equat ion ( 4 4 )  i s  v a l i d  f o r  Biot  

numbers l e s s  than  0 .1  ( K r e i t h ,  1969 ) .  For t h e s e  low B i o t  numbers, t h e  

i n t e r n a l  r e s i s t a n c e  of t h e  s o l i d  i s  s m a l l ,  and t h e  i n t e r n a l  energy needed 

t o  be remocyed t o  d e c r e a s e  t h e  s ,u r face  t empera tu re  a u n i t  amount can be 

t r e a t e d  a s  a lumped parameter  expressed  by Cpv. 

H i ,  i . e . ,  smal l  t:hermal c o n d u c t i v i t y  o r  l a r g e  L ,  t h e  i n t e r n a l  r e s i s t a n c e  

m u s t  be taken int.0 accoun t .  S o l u t i o n s  f o r  t h i s  c a s e  which i n v o l v e s  t h e  

r a t i o  of  t h e  heat  c a p a c i t y  o f  t h e  rock t o  t h e  heat  c a p a c i t y  of t h e  f l u i d  

For l a r g e r  v a l u e s  of  
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may be found i n  Carslaw and J a e g e r  (1959).  

Temperature g r a d i e n t s  a r i s i n g  i n  t h e  rock  could  i n i t i a t e  a h e a t  

p i p e  e f f e c t ,  i n c r e a s i n g  t h e  h e a t  conduct ion.  P r e s s u r e  g r a d i e n t s  a s s o c i a t e d  

w i t h  t empera tu re  g r a d i e n t s  w i l l  c a u s e  e v a p o r a t i o n  i n  warmer p a r t s  and 

condensa t ion  i n  c o o l e r  p a r t s  o f  t h e  system. 

accoun t s  f o r  t h e  h i g h e r  conduc t ion  o f  h e a t  due t o  t h e  h e a t  p i p e  e f f e c t .  

An energy b a l a n c e  c o n s t r u c t e d  about  a n  e l e m e n t a l  s e c t i o n  y i e l d s  a n  add i-  

t i o n a l  h e a t  conduc t ion  term which i s  a f u n c t i o n  of  t h e  l a t e n t  h e a t  of  

v a p o r i z a t i o n ,  mass flow, t empera tu re  g r a d i e n t ,  and s a t u r a t i o n .  The 

r e s u l t i n g  thermal  c o n d u c t i v i t y ,  

The l a t e n t  h e a t  of e v a p o r a t i o n  

, due t o  t h e  h e a t  p i p e  e f f e c t  i s :  
ki7.p. 

,l 

rnf lL 
= -  

%.p.  3AT(1 $Sv) 

where: 

= the rmal  c o n d u c t i v i t y  o f  s o l i d  due t o  h e a t  p i p e  e f f ec t  
(Btu /h r -  f t-OF) 

n 

(45) 

3 - 
m = a v e r a g e  mass f low r a t e  ( l b  / h r - f t  ) 

h = l a t e n t  h e a t  of v a p o r i z a t i o n  ( B t u / l b  ) 
f g mi 
S = s a t u r a t i o n  (d imens ion less )  

m 

V 

1 = l e n g t h  of  specimen ( f t )  

Changes i n  e f f e c t i v e  p r e s s u r e  (overburden p r e s s u r e  minus pore  

p r e s s u r e )  a l s o  causes  changes i n  t:he open c r a c k  s p a c e s ,  

p r e s s u r e  n e c e s s a r y  t o  c l o s e  a n  e l l . i p s o i d a 1  c r a c k  i s  g iven  (Walsh, 1965) 

The c r i t i c a l  

by : 

where: 
- 

pc - 
a =  

E =  

v =  

(46) 
alTE 

4(1 - v ) 
p = -  

2 C 

2 
c r i t i c a l  p r e s s u r e  necessa ry  t o  c l o s e  a c r a c k  ( l b f / f t  ) 

a s p e c t  r a t i o  o f  t h e  c r a c k  ( r a t i o  of l e n g t h  t o  width)  

Young's Modulus ( l b f / f t  ) 

P o i s s o n ' s  R a t i o  

2 

A s  t h e  pore  p r e s s u r e  i s  reduced t h e  e f f e c t i v e  p r e s s u r e  i n c r e a s e s ,  which 
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r e s u l t s  i n  f u r t l l e r  c l o s i n g  of  c r a c k s  w i t h  l a r g e  a s p e c t  r a t i o s .  The 

i n c r e a s e  i n  h e a t  conduct ion w i t h  t h e  p o r e  p r e s s u r e  d e c l i n e  i s  due t o  

a r e d u c t i o n  i n  t h e  number of :Low c o n d u c t i v i t y  b a r r i e r s  t o  h e a t  f low 

through t h e  system. 

The exper imenta l  o b j e c t i v e  of  t h i s  s t u d y  i s  t h e  e v a l u a t i o n  of  t h e  

thermal  c o n d u c t i v i t y  o f  c racked ,  s a t u r a t e d  g r a n i t e .  U n i a x i a l  load ing  

w i l l  produce long  narrow s l i t s  which can be p r e f e r e n t i a l l y  a l i g n e d  

normal t o  t h e  a p p l i e d  h e a t  flow. Samples cracked i n  t h i s  manner should  

e x h i b i t  t h e  g r e a t e s t  change i n  thermal  c o n d u c t i v i t y .  Because t h e  degree  

of  c r a c k i n g  i s  r e l a t e d  t o  t h e  a p p l i e d  s t r e s s ,  specimens of  va ry ing  degrees  

of c r a c k i n g  can be produced. 

made b e f o r e  and a f t e r  s t r e s s i n g  of  d r y  s a t u r a t e d  samples (Messmer, 1964; 

Woodside and Messmer, 1961).  The p r e s s u r e  e f f e c t s  ( v a p o r i z a t i o n  of  

pore  f l u i d  and c r a c k  c l o s u r e )  w i l l  be examined by measuring t h e  thermal  

c o n d u c t i v i t y  o f  samples s a t u r a t e d  a t  e l e v a t e d  t empera tu re  w i t h  v a r y i n g  

c o n f i n i n g  pressures. 

a t empera tu re  g r a d i e n t  a l o n g  t h e  c o r e  a x i s .  The u s e  of  f l u i d s  t o  s a t u r a t e  

t h e  rock wi th  d i f f e r e n t  l a t e n t  h e a t s  of  v a p o r i z a t i o n  should  show t h e  

e x t e n t  of  a n  i n c r e a s e  i n  h e a t  conduc t ion  due t o  t h e  h e a t  p i p e  e f f e c t  i n  

cracked rock specimens.  The a p p a r a t u s  t o  be used t o  e v a l u a t e  t h e  mentioned 

parameters  i n  terms of  t h e i r  e f f e c t  on t h e  thermal  c o n d u c t i v i t y  of  f r a c -  

t u r e d  rocks  i s  shown i n  Fig .  34. The a p p a r a t u s  i s  no t  drawn t o  s c a l e .  

Rock specimens a r e  r i g h t  c i r c u l a r  c y l i n d e r s  l . , 5  inches  i n  d iamete r  and 

3.0 inches  long.  

Thermal c o n d u c t i v i t y  measurements w i l l  be 

The h e a t  p i p e  e f f e c t s  w i l l  b e  examined by producing 

Geo t h  erma 1 Reservo i r  Phys i c a  L Models -- ___- 

Whiting and Ramey o r i g i n a l l y  p o s t u l a t e d  t h e  a p p l i c a t i o n  o f  energy 

and m a t e r i a l  ba lances  t o  geothermal  r e s e r v o i r s .  Although a p p l i e d  t o  a 

f i e l d  c a s e  w i t h  < i t  l e a s t  l i m i t e d  s u c c e s s ,  l a t e r  a p p l i c a t i o n s  i n d i c a t e d  

a r e a l  need f o r  m o d i f i c a t i o n  w i t h i n  t h e  bounds d e s c r i b e d  by Whiting and 

Ramey ( s e e  Cady, 1969; Cady, B i l h a r t z ,  and Ramey, 1972; and S t r o b e l ,  

1973).  The c i t e d  works inc luded  both  l i m i t e d  l a b o r a t o r y  s t u d y  and a 

s i n g l e  geothermal f i e l d  c a s e  hj.sLory. The need f o r  a c t u a l  d a t a  t o  t e s t  
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F igure  3 4 .  Thermal Conduc t iv i ty  Measurement Apparatus.  
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. concep tua l  models h a s  been a p p a r e n t  f o r  some t ime (White, M u f f l e r ,  

T r u e s d e l l ,  and Donaldson).  P r e v i o u s  works by Cady and B i l h a r t z  

concerned unconso l ida ted  sand geothermal  models. A p rev ious  s tudy  by 

S t r o b e l  d i d  concern  a c o n s o l i d a t e d  sand,  bu t  t h e r e  were n o t  s u f f i c i e n t  

runs  t o  e s t a b l i s h  r e p r o d u c i b i l i t y .  For t h i s  r e a s o n ,  i t  was decided 

important  t o  extend t h i s  exper imenta l  work of  S t r o b e l .  A complete 

r e p o r t  on a l l  p rev ious  s t u d i e s  was p resen ted  ( a t  t h e  May 24,  1974 p r o j e c t  

meet ing  a t  S t a n  fo  r d  Univer s i t y  . 
S t r o b e l ' s  s t u d y  concerned c y c l i c  p roduc t ion  and r e h e a t i n g  of a 

c o n s o l i d a t e d  sands tone  geothermal  r e s e r v o i r  model. The sands tone  was 

a n a t u r a l  c o r e .  This  work w i l l  b e  r e p e a t e d  w.ith both n a t u r a l  and 

s y n t h e t i c  sands tone  c o r e s  w i t h  more complete i n s t r u m e n t a t i o n .  L iqu id  

s a t u r a t i o n s  w i l l  b e  measured f o r  t h e  synthetic:  c o r e s  d u r i n g  t h e  runs .  

S t r o b e l  and p rev ious  workers were on ly  a b l e  t o  keep m a t e r i a l  ba lances  

over  t h e  e n t i r e  co re .  Techniques f o r  manufact.ure o f  s y n t h e t i c  c o r e s  

developed d u r i n g  t h e  p r o j e c t  t o  d a t e  should  matke t h i s  s t e p  s t r a i g h t -  

forward.  

top .  

numerical  model l ing r e s u l t s .  

The c o r e  w i l l  be p o s i t i o n e d  v e r t i c a l l y  and produced from t h e  

These exper iments  w i l l  p rov ide  a d d i t i o n a l  d a t a  f o r  checking 
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RADON I N  GEOTHERMAL RESEF,VOIRS 

The s t u d y  o f  radon occur rence  and t r a n s p o r t  i n  geothermal  r e s o u r c e s  

has  been under taken  a s  a n  i n i t i a l  e v a l u a t i o n  of t h e  u s e  of  radon a s  a 

d i a g n o s t i c  t o o l  f o r  s tudy ing  performance o f  geothermal  r e s e r v o i r s  , espec-  

i a l l y  under  c o n d i t i o n s  of s t i m u l a t i o n .  

e v a l u a t i o n  o f  environmental  i m p l i c a t i o n s  of radon release. 

of t h i s  s t u d y  i n c l u d e d  t h r e e  major t a s k s :  (1) s e l e c t i o n  and implementa t ion 

of  a method f o r  measuring radon,  (2)  e v a l u a t i o n  o f  p o s s i b l e  f i e l d  sampling 

t echn iques ,  and ( 3 )  survey o f  a c t u a l  radon occur rence  i n  geothermal  

r e s o u r c e  a r e a s ,  both  vapor-  and l iquid- dominated.  

Another purpose  was t h e  i n i t i a l  

The o b j e c t i v e s  

S t i m u l a t i o n  of  geothermal  energy e x t r a c t i o n  by e x p l o s i v e ,  h y d r a u l i c -  

f r a c t u r i n g ,  o r  t h e r m a l - s t r e s s i n g  should  r e s u l t  i n  i n c r e a s e d  s p e c i f i c  

s u r f a c e  a r e a ,  e f f e c t i v e  p o r o s i t y ,  and h e a t  t r a n s f e r  r a t e s .  

Radon g a s  may s e r v e  a s  a u s e f u l  n a t u r a l  t r a c e r  f o r  e v a l u a t i n g  such 

s t i m u l a t i o n  p rocesses .  Radon, w i t h  a h a l f - l i f e  o f  3.8 days ,  i s  a noble-  

g a s  product  of i t s  p r e c u r s o r  1602 y e a r  R a ,  p r e s e n t  i n  rocks  a t  a mean 

c o n c e n t r a t i o n  of  about  1 pg /g ,  g e n e r a l l y  i n  e q u i l i b r i u m  w i t h  t h e  n a t u r a l  

uranium decay ser ies .  The bu i ldup  o f  radon a c t i v i t y  from i t s  radium 

p a r e n t  t o  e q u i l i b r i u m  c o n c e n t r a t i o n  i s  shown i n  F ig .  35. 

22 6 

Radon emanation has  been s t u d i e d  w i t h  r e s p e c t  t o  groundwater f low,  

n a t u r a l  gas  p roduc t ion ,  and uranium p r o s p e c t i n g  (e .g . ,  Tanner ,  1964; 

Tokarev and Shcherbakov, 1960:, Bunce and S a t t l e r ,  1966).  The e x t e n t  

o f  radon r e l e a s e  t o  convec t ive  g e o f l u i d s  i s  dependent on s e v e r a l  f a c t o r s  

i n c l u d i n g  t h e  d i s t r i b u t i o n  of  radium through t h e  rock m a t r i x  and t h e  

s u r f a c e  a r e a  a v a i l a b l e  f o r  e scape  of r e c o i l i n g  radon atoms i n t o  t h e  

f l u i d .  For homogeneous rock ,  t h e  r e l e a s e  of  radon i s  r e l a t e d  t o  

p a r t i c l e  s i z e ,  d ,  a s  l / d n  where 0 .5  

mechanism o f  r e l e a s e  (Andrews and Wood, 1972).  I n  heterogeneous  m a t e r i a l  

o t h e r  f a c t o r s  may obscure  p a r t i c l e  s i z e  dependence. 

n 5 1.0 depending on t h e  dominant 

The c o n c e n t r a t i o n  o f  radon i n  g e o f l u i d s  ]produced from a w e l l  i n  a 

f r a c t u r e d  o r  porous medium depends on geometry and f lowing c h a r a c t e r i s t i c s  

a s  w e l l  a s  t h e  emanation from rock t o  f l u i d .  

f lowing l i q u i d  i n  a homogeneous porous medium i l l u s t r a t e s  some o f  t h e  

A s i m p l e  l i n e a r  model f o r  
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p o s s i b i l i t i e s .  The system can be v i s u a l i z e d  by t h e  fo l lowing  diagram 

ou t f low f l u i d  source 

k-, L1 .+ L2 I 
r a d i o a c t i v e  non- rad ioac t ive  

rock  rock  
( p o r o s i t y  4 ) ( p o r o s i t y  4 1 ) 2 

The c o n c e n t r a t i o n  o f  radon (C) i n  t h e  ou t f low w i l l  be g iven  by: 

Q Allexp (- - Q ( 4 7 )  
$1 L1 

11 - exp (- - E c = -  
$2 

where: 

Q = f low v e l o c i t y  (m/sec) 
n 
3 

E = volumet r i c  emanation of  radon i n  r a d i o a c t i v e  rock (pCi/m s e c )  
-1 

= decay c o n s t a n t  f o r  radon ( s e c  ) 

For t h i s  geometry i t  i s  e s p a c i a l l y  easy  t o  s e e  t h a t  t h e  f l o w r a t e  w i l l  

de te rmine  t h e  r e s i d e n c e  t ime i n  t h e  r a d i o a c t i v e  rock where radon concen- 

t r a t i o n  i n  t h e  f l u i d  w i l l  i n c r e a s e  and approach t h e  l i m i t i n g  v a l u e  of  

s e c u l a r  e q u i l i b r i u m  w i t h  t h e  emanating power of  t h e  rock.  

w i l l  a l s o  de te rmine  t h e  r e s i d e n c e  t i m e  i n  t h e  n o n r a d i o a c t i v e  rock where 

radon could  i n c r e a s e ,  d e c r e a s e ,  o r  remain c o n s t a n t  w i t h  f l o w r a t e ,  depending 

on t h e  r e l a t i o n  between t h e  rock parameters  and Q. 

would b e  t h a t  of uniform emanation power i n  a l a r g e  fo rmat ion ,  t h a t  i s ,  

L i s  ve ry  l a r g e  and L ve ry  smal l .  I n  t h i s  c a s e  t h e  c o n c e n t r a t i o n  o f  

radon i n  t h e  ou t f low would be e s s e n t i a l l y  independent  o f  f l o w r a t e  and 

be determined p r i m a r i l y  by emanating power of t h e  rock and the  fo rmat ion  

p o r o s i t y .  

Flow r a t e  

One c a s e  of  i n t e r e s t  

1 2 

A q u a l i t a t i v e l y  similar r e s u l t  is  o b t a i n e d  f o r  s t e a d y - s t a t e  r a d i a l  

flow of  a f l u i d  i n  homogeneous m a t e r i a l .  

emanating power and a Large r e s e r v o i r ,  t h e  radon c o n c e n t r a t i o n  i n  t h e  

ou t f low i s  expected t o  be e s s e n t i a l l y  independent of  f l o w r a t e .  

m a t i c a l  model o f  compress ib le  gas  f low t r a n s p o r t  o f  radon (Sakakura,  

Lindberg,  and Fau l ,  1959) a l s o  i n d i c a t e s  that .  radon c o n c e n t r a t i o n  i n  

n a t u r a l  gas  i s  on ly  s l i g h t l y  dependent on flclwrate i n  t h e  c a s e  of  a 

That i s ,  i n  t h e  c a s e  of uniform 

A mathe- 
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l a r g e  r e s e r v o i r  of  rock o f  uniform emanating power. 

Thus, i t  would be expected t h a t  radon i n  geothermal  f l u i d s  w i l l  be 

s t r o n g l y  i n f l u e n c e d  by t h e  emanating power o f  t h e  rock  and t h e  e f f e c t i v e  

p o r o s i t y  of  t h e  medium. Both of  these parameters  may be expected t o  be 

changed by s t i m u l a t i o n  t echn iques .  Both can be  expec ted  t o  be s t r o n g l y  

r e l a t e d  t o  t h e  g e o l o g i c a l  s e t t i n g  ,and h i s t o r y  of  a r e s o u r c e  a r e a .  For 

example, Wollenberg (1974) indicat les  t h a t  radium and radon a c t i v i t y  i s  

much h i g h e r  i n  CaCO dominated systems a s  compared t o  s i l i c a  dominated 

sys t ems .  Accordingly ,  o u r  f i e l d  sampling program was e s t a b l i s h e d  t o  

i n c l u d e  d i f f e r e n t  g e o l o g i c  s i t u a t i o n s .  

3 

The q u e s t i o n  of  radon a s  a p o s s i b l e  environmental  contaminant h a s  

been r a i s e d  by S c o t t  (1972) l a r g e l y  on t h e  b a s i s  o f  d a t a  o b t a i n e d  i n  

N e w  Zealand r e s o u r c e  a r e a s  ( B e l i n ,  1959).  Large  radon c o n c e n t r a t i o n s  

were observed i n  fumaroles  and p o o l s  i n  t h e  Rotorua-Taupo reg ion .  

T h e r e f o r e ,  o u r  sampling program was a l s o  conducted w i t h  a view t o  

e s t i m a t i n g  t h e  magnitude of  any p o t e n t i a l  environmental  problem. Some 

of  t h e  t a s k s  a l r e a d y  accomplished i n c l u d e :  

1. Radon Measuring System 

The radon measuring sys tem was s e l e c t e d  on t h e  b a s i s  o f  t h r e e  

p r i n c i p a l  c r i t e r i a :  r e l i a b i l i t y ,  wide range of r esponse ,  and low back- 

ground. A secondary c r i t e r i o n w a s  c o m p a t i b i l i t y  w i t h  e x i s t i n g  coun t ing  

equipment i n  o r d e r  t o  minimize unnecessa ry  expense. 

chosen a f t e r  c o n s u l t a t i o n  w i t h  othler workers ,  i s  based on a d s o r p t i o n  

o f  radon on a c t i v a t e d  c h a r c o a l  and measurement by s c i n t i l l a t i o n  coun t ing .  

The approach has  been u t i l i z e d  e x t e n s i v e l y  i n  h e a l t h  p h y s i c s  a p p l i c a t i o n s  

(Lucas,  1957, 1964).  

The t echn ique ,  

The a p p a r a t u s  was c o n s t r u c t e d  i n  two pa r t s .  The vacuum l i n e  sys tem,  

shown i n  Fig .  36, i n c l u d e s  t r a p s  f o r  removing w a t e r  vapor  and CO 

t o  a d s o r p t i o n  of  radon on cooled c h a r c o a l .  A h e a t e r  on t h e  c h a r c o a l  

t r a p  pe rmi t s  subsequent  d e s o r p t i o n  of  t h e  c o l l e c t e d  radon. A p e r i s t a l i c  

pump is  used t o  t r a n s f e r  t h e  radon i n  hel ium c a r r i e r  g a s  i n t o  smal l  

s c i n t i l l a t i o n  f l a s k s  which have a c o a t i n g  of  a c t i v a t e d  z i n c  su lph ide .  

The second p a r t  of  t h e  a p p a r a t u s ,  shown i n  Fig .  37, i s  t h e  d e t e c t i o n  

system. 

c o n s t r u c t e d  l i g h t  b a f f l e  i s  connect:ed t o  a conven t iona l  power supply  

p r i o r  2 

A s t a n d a r d  2- inch photomul . t ip l ier  tube  f i t t e d  i n  a s p e c i a l l y  
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and s c a l e r - t i m e r  t o  count  t h e  s c i n t i l l a t i o n  p u l s e s .  

The c h a r c o a l - a d s o r p t i o n  c o l l e c t i o n  system permi t s  accumulat ion of 

radon from v a r i o u s  types  o f  samples w i t h  recovery on t h e  o r d e r  of  95 

p e r  c e n t .  

of 0.1 cpm. 

u s i n g  a Radium-Radon s t a n d a r d  o b t a i n e d  from thie N a t i o n a l  Bureau of  

S tandards .  R e p r o d u c i b i l i t y  o f  measurements based on t h e  s t a n d a r d  a r e  

on t h e  o r d e r  of 2 p e r  c e n t .  

p e r m i t s  d e t e c t i o n  of  a s  l i t t l e  a s  

Th i s  i s  e q u i v a l e n t  t o  a c o n c e n t r a t i o n  d e t e c t i o n  l i m i t  on t h e  o r d e r  of 

C i f R  f o r  samples i n  t h e  range of 3 t o  30 l i t e r s  of  e i t h e r  l i q u i d  

The d e t e c t i o n  sys tem g i v e s  a n  o v e r a l l  background on t h e  o r d e r  

The o v e r a l l  e f f i c i e n c y  of  t h e  system h a s  been c a l i b r a t e d  

The o v e r a l l  s e n s i t i v i t y  o f  t h e  system 

C i  of  t o t a l  radon a c t i v i t y .  

o r  gas .  

2 .  Sampling Technique 

The sampling t echn ique  used f o r  geothermal  wells  was developed w i t h  

s e v e r a l  c r i t e r i a  i n  mind: ease o f  f i e l d  o p e r a t i o n ,  c o n s i s t e n c y ,  and 

s i m p l i c i t y  o f  equipment f o r  r e l i a b i l i t y .  Review of accep ted  methods 

(e .g .  , Fin layson ,  1970; I ? l l i s ,  JYahon and R i t c h i e ,  1968) and c o n s u l t a t i o n  

w i t h  o t h e r  works provided a b a s i s  f o r  t h e  method. 

approximate ly  4 t o  30 l i t e r  c a p a c i t y  were used i n  s e v e r a l  c o n f i g u r a t i o n s  

i n  f i e l d  t r i a l s .  

and evacua ted- tank  sampling.  The adopted s t a n d a r d  t echn ique ,  shown i n  

Fig .  3 8 ,  c o n s i s t s  of  u s i n g  a n  evacuated c y l i n d e r  connected t o  t h e  w e l l -  

head w i t h  a T - l i n e  so  t h a t  a l l  a i r  can be blown o u t  of  t h e  connec t ing  

l i n e s  p r i o r  t o  opening t h e  sample tank.  

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

l i m i t e d  amount of condensa t ion  1.n t h e  c a s e  o f  sizeam samples. 

S t e e l  c y l i n d e r s  of  

The two b a s i c  approaches  c o n s i s t e d  of  f low- through 

The t ank  i s  opened f o r  a 

Sampling o f  ambient a i r  i s  accomplished by drawing t h e  sample i n t o  

an  evacuated 3 0 - l i t e r  c y l i n d e r  a t  t h e  d e s i r e d  l o c a t i o n .  

i s  measured by u s i n g  a l a r g e  i n v e r t e d  c y l i n d r i c a l  t ank  o f  approximate ly  

1 0 0 - l i t e r  c a p a c i t y  which f u n c t i o n s  a s  a n  accumulator  f o r  t h e  radon i s s u i n g  

from t h e  covered a r e a .  A s e r i e s  of  3 o r  4 samples i s  e x t r a c t e d  o v e r  a 

p e r i o d  o f  s e v e r a l  h o u r s  t o  de te rmine  t h e  i n c r e a s e d  radon c o n c e n t r a t i o n  

i n  t h e  conf ined  volume, from which f l u x  may be computed. 

S o i l  g a s  f l u x  

In  a d d i t i o n  t o  radon a n a l y s i s ,  each w e l l  sample h a s  been ana lyzed  
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2 ,  N 2 ,  C O Z Y  C H 4 ,  and H f o r  major non-condensable g a s e s  i n c l u d i n g  0 

smal l  f r a c t i o n  o f  t h e  g a s  was e x t r a c t e d  from t h e  sample c y l i n d e r  i n t o  

a s y r i n g e  f o r  i n j e c t i o n  i n t o  a g a s  p a r t i t i o n e r .  The l i q u i d ,  o r  condensa te ,  

A 
2 "  

volume was measured, and i n  sorne c a s e s ,  t h e  l i q u i d  was ana lyzed  f o r  

d i s s o l v e d  c o n s t i t u t e n t s .  

3 .  Survey Program 

Sampling h a s  been accomplished a t  severa:L geothermal  w e l l s  i n  both 

t h e  vapor-dominated Geysers  a r e a  and t h e  l iqu id- domina ted  I m p e r i a l  

Val ley .  Cooperat ion from p r i v a t e  i n d u s t r y  and t h e  Bureau of  Reclamation 

made p o s s i b l e  sampling under  s e v e r a l  c o n d i t i o n s  of  w e l l  f low and t e s t i n g .  

Because of  t h e  p r o p r i e t a r y  n a t u r e  o f  some o f  t h e  in fo rmat ion  a s s o c i a t e d  

wi th  t h e  t e s t i n g  program, q u a n t i t a t i v e  r e s u l t s  a r e  n o t  g iven  i n  t h i s  

summary. I t  i s  a n t i c i p a t e d  t h a t  t h e  complete r e p o r t  w i l l  be pub l i shed  

a f t e r  a p p r o v a l s  f o r  r e l e a s e  o f  in fo rmat ion  a r e  complete.  

Some q u a l i t a t i v e  r e s u l t s  (can be r e p o r t e d  on t h e  b a s i s  of  p r e l i m i n a r y  

examinat ion of  t h e  radon c o n c e n t r a t i o n  i n  t h e  geothermal  f l u i d s .  The 

o v e r a l l  radon l e v e l s  a r e  s t r o n g l y  r e l a t e d  t o  g e o l o g i c  fo rmat ions .  I n  

g e n e r a l ,  t h e  l e v e l s  observed i n  t h e  Geysers a r e a  a r e  s u b s t a n t i a l l y  

h i g h e r  than those  of t h e  Imper ia l  Val ley .  D i f f e r e n t  w e l l s  w i t h i n  e i t h e r  

a r e a  show s u b s t a n t i a l l y  d i f f e r e n t  l e v e l s .  A given  well  seems t o  e x h i b i t  

a n e a r l y  c o n s t a n t  l e v e l  over  a pe r iod  o f  t i m e  under s t e a d y - s t a t e  f low. 

For a g iven  steam w e l l ,  t h e  radon c o n c e n t r a t i o n  reaches  e s s e n t i a l l y  

c o n s t a n t  s t e a d y - s t a t e  l e v e l s  at: d i f f e r e n t  flow r a t e s  a s  determined 

dur ing  p r e s s u r e  drawdown t e s t s  s t a r t i n g  from s h u t - i n  c o n d i t i o n s  and 

running f o r  r e l a t i v e l y  s h o r t  p e r i o d s  o f  about 8 hours .  Th i s  r e s u l t  

i s  somewhat compl lcated by t h e  problem o f  non-condensable g a s  bui ldup 

i n  t h e  w e l l b o r e  of steam w e l l s  d u r i n g  s h u t - i n  o r  low r a t e  b leed ing .  

E v a l u a t i o n  of t h e  radon c o n c e n t r a t i o n  i n  t h e  non-condensable g a s e s ,  

e s p e c i a l l y  CO i s  underway. P r e l i m i n a r y  r e s u l t s  f o r  radon c o n c e n t r a t i o n  

i n  t h e  non-condensable gas  c o n t e n t  a r e  less d e f i n i t i v e .  Non-condensable 

gas  a n a l y s i s  h a s  p r e s e n t e d  s e v e r a l  problems. 

o f  a i r  i n t o  some samples were c o r r e c t e d  by b e t t e r  s e a l s  and improved 

c a r e  i n  hand l ing .  Some a n a l y s e s  were plaged b:y i n s t r u m e n t a l  d i f f i c u l t i e s .  

A c o n t i n u i n g  problem i s  a c c u r a t e  measurement O E  t h e  t o t a l  volume of non- 

condensables  i n  a sample when t h e  amount o f  gas  i s  q u i t e  smal l .  Mano- 

2 '  

E a r l y  problems o f  leakage 
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m e t r i c  measurement of  t o t a l  p r e s s u r e  i n  t h e  sample c y l i n d e r  and s u b t r a c t i o n  

o f  w a t e r  vapor  p r e s s u r e  f o r  t h e  a p p r o p r i a t e  t empera tu re  o f t e n  y i e l d s  r e s u l t s  

w i t h  h igh  u n c e r t a i n t i e s .  

p r e l i m i n a r y  e v a l u a t i o n  o f  t h e  environmental  ineasurements i n d i c a t e  

t h a t  radon r e l e a s e  from geothermal  r e s o u r c e s  p r o d u c t i o n  w i l l  not  b e  s i g n i -  

f i c a n t  on a bas inwide b a s i s .  The t o t a l  radon release from a h y p o t h e t i c a l  

power p l a n t  a t  The Geysers f i e l d  wtould be of t h e  same o r d e r  as  t h e  n a t u r a l  

release of radon from a re la t ively  small a r e a  of s o i l  c o n t a i n i n g  normal 

radium c o n t e n t .  Measurements i n  and n e a r  some steam plumes i n d i c a t e  t h a t  

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

a t  r e l a t i v e l y  smal l  d i s t a n c e s .  Ambient a i r  measurements show very  low 

l e v e l s  of radon a s  would be expected due t o  t h e  i n f l u x  o f  P a c i f i c  Ocean 

a i r .  The on ly  s i t u a t i o n s  i n  which radon might b e  expected t o  be a problem 

from t h e s e  p r e l i m i n a r y  r e s u l t s  i s  i n  a conf ined  a r e a  w i t h  poor v e n t i l a t i o n .  

These i n i t i a l  r e s u l t s  of  t h e  f i e l d  sampling o f  g e o f l u i d s  i n d i c a t e  

g e n e r a l  agreement w i t h  t h e  e x p e c t a t i o n  t h a t  radon c o n c e n t r a t i o n s  w i l l  

be independent  of  flow r a t e  f o r  p r o d u c t i o n  of f l u i d  from a l a r g e  r e s e r -  

v o i r .  Conf i rmat ion o f  t h i s  w i l l  be important  t o  e s t a b l i s h  pr imary de-  

pendence on emanation power and p o r o s i t y .  I n  t h i s  c a s e  t h e  p o t e n t i a l  

o f  radon f o r  i n d i c a t i n g  changes i n  t h e s e  pa ramete r s  under  s t i m u l a t i o n  

w i l l  b e  enhanced. 

a long term t e s t  i n v o l v i n g  a t  l e a s t  two flow r a t e s .  A w e l l  f lowing a t  

a c o n s t a n t  r a t e  w i l l  be sampled r e g u l a r l y  o v e r  a two- t o  three-week 

p e r i o d .  Then t h e  flow r a t e  should  be changed, p r e f e r a b l y  t o  a h i g h e r  

r a t e ,  and t h e  sampling con t inued  f o r  a n o t h e r  two- t o  three-week pe r iod .  

The l e n g t h  o f  t i m e  i s  necessa ry  t o  i n s u r e  t h a t  r a d i o a c t i v e  e q u i l i b r i u m  

i s  c l o s e l y  ach ieved .  Two weeks i s  s u f f i c i e n t  t o  a t t a i n  about 94 p e r  

c e n t  of s e c u l a r  e q u i l i b r i u m .  Th i s  type  o f  t e s t  would not  s u f f e r  from 

t h e  p o s s i b l e  non-equil- ibrium problems of t h e  s h o r t  t ime t e s t s  conducted 

so  f a r .  I n  t h e  s h o r t  t i m e  t es t s  i t :  i s  conce ivab le  t h a t  v a r i a t i o n s  w i t h  

f l o w  r a t e  were n o t  observed on ly  because  of t h e  r e l a t i v e l y  l a r g e  s i z e  of 

t h e  r e s e r v o i r  compared t o  t h e  r e l a t i v e l y  smal l  d i s t a n c e s  t r a v e r s e d  by 

f lowing f l u i d  i n  t h e  t ime p e r i o d s  observed.  

One type  o f  conf i rming t e s t  t h a t  i s  being planned i s  

Continuous improvement i s  being sought  f o r  r e l i a b i l i t y  and accuracy  

A 
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of  t h e  non-condensable gas  a n a l y s e s  t o  a s c e r t a i n  more c l e a r l y  whether t h e  

radon is  more c l o s e l y  a s s o c i a t e d  w i t h  t h e  w a t e r  o r  w i t h  t h e  gases .  

may r e q u i r e  s u b s t a n t i a l  r e v i s i o n  of  sampling and a n a l y s i s  t echn iques .  

S e v e r a l  l a b o r a t o r y  s c a l e  t e s t s  on t h e  emanating power of v a r i o u s  

rock types  a r e  be ing  contemplated,  perhaps  some i n c l u d i n g  measurement 

o f  rock s u b j e c t e d  t o  r e s e r v o i r  c o n d i t i o n s  i n  t h e  geothermal  chimney 

model. Other  t e s t s  would i n c l u d e  a more d e t a i l e d  s t u d y  o f  t h e  e f f e c t s  

of  v a r i o u s  methods o f  f r a c t u r i n g  on t h e  emanating power o f  d i f f e r e n t  

rocks .  

This  

The survey o f  radon c o n t e n t  i n  d i f f e r e n t  g e o l o g i c a l  s e t t i n g s  i s  

being con t inued .  

(1) a d d i t i o n a l  c h a r a c t e r i z a t i o n  of  t h e  radon emanation o f  d i f f e r e n t  

g e o l o g i c a l  c o n d i t i o n s  may y i e l d  c o r r e l a t i o n s  u s e f u l  f o r  r e s e r v o i r  

a n a l y s i s  o r  p r o s p e c t i n g ,  ( 2 )  t h e  survey would p rov ide  t h e  complete 

d a t a  base  needed f o r  thorough e v a l u a t i o n  of  any n a t u r a l  changes i n  

fo rmat ion  p r o p e r t i e s  o r  i n  environmental  i m p l i c a t i o n s .  For environmental  

purposes ,  t h e  p r e l i m i n a r y  i n d i c a t i o n s  o f  t h e  magnitude o f  t h e  emiss ions  

should  be confirmed by f u r t h e r  measurements unlder v a r i o u s  meteoro log ica l  

c o n d i t i o n s  and by t r a c i n g  t h e  t r a n s p o r t  and f a t e  of radon through t h e  

e n t i r e  power g e n e r a t i o n  c y c l e .  

F u r t h e r  d a t a  of t h i s  t y p e  s e r v e s  a t  l e a s t  two purposes :  
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MATHEMATICAL MODEL 

L 

Advances have been made i n  t h e  modeling oE geothermal  f l u i d s  pro-  

d u c t i o n  i n  t h r e e  main d i r e c t i o n s .  The f i r s t  d i r e c t i o n  i s  a g e n e r a l  view 

of t h e  many p h y s i c a l  p r o c e s s e s  o c c u r r i n g  i n  a geothermal  system. A 

g e n e r a l  geothermal  f l u i d s  r e s e r v o i r  model i n c l u d e s  complex the rmal ,  f l u i d  

dynamics, and o t h e r  p h y s i c a l  p rocesses .  It would indeed be exceed ing ly  

d i f f i c u l t  t o  model such <a g e n e r a l  s y s t e m  i n  t h r e e  dimensions.  For t h i s  

r eason  a c o n t i n u i n g  a t t e m p t  i s  being made t o  a s c e r t a i n  what a r e  thought  

t o  be c h a r a c t e r i s t i c s  o f  geothermal  r e s e r v o i r s  which have t h e  g r e a t e s t  

need of  being s t u d i e d .  

p r a c t i c a l ,  and have inc luded  d i s c u s s i o n s  w i t h  s c i e n t i s t s  and e n g i n e e r s  

f a m i l i a r  w i t h  numerous geotherm<sl r e s e r v o i r s  around t h e  world (e .g . ,  

The Geysers ,  L a r d e r e l l o ,  Cer ro  P r i e t o ,  Wai rake i ) .  

These a t t e m p t s  have been t h e o r e t i c a l  a s  w e l l  a s  

The second d i r e c t i o n  i s  t h e  f o r m u l a t i o n  of' a mathemat ica l  d e s c r i p -  

t i o n  o f  a much s i m p l i f i e d  system w i t h  an  a t t e m p t  t o  o b t a i n  a s o l u t i o n  

d e s c r i b i n g  t h e  behavior  of  t h i s  system. 

being modeled i s  t h e  same one a s  i s  being s imula ted  w i t h  bench- scale  

exper iments .  The mathemat ica l  s o l u t i o n  of  t h i s  sys tem fo rmula t ion  h a s  

proceeded s lowly ,  whi le  a t  t h e  same t i m e  much h a s  been l e a r n e d  about  t h e  

numerical  c h a r a c t e r i s t i c s ;  and requ i rements  o f  such a s o l u t i o n .  However, 

i t  h a s  been p o s s i b l e  t o  compare numerical  r e s u l t s  w i t h  exper imenta l  

r e  su 1 ts  . 

The p a i r t i c u l a r  sys tem p r e s e n t l y  

The t h i r d  d i r e c t i o n  i s  r e s e a r c h  w i t h  t h e  bench- scale  exper imenta l  

equipment t o  p h y s i c a l l y  s i m u l a t e  t h e  b o i l i n g  flow o f  s team and wa te r  

a t  e l e v a t e d  t empera tu res .  

c o n s o l i d a t e d  and n a t u r a l  porous media. The s y n t h e t i c  c o r e  a l l o w s  f o r  

t empera tu re  and vo lumet r i c  l i q u i d  s a t u r a t i o n  probes  t o  be c a s t  i n  p l a c e  

and r e s u l t s  i n  more a c c u r a t e  measurement of t h e  p e r t i n e n t  v a r i a b l e s .  

An a t t e m p t  h a s  been made t o  u s e  both  a r t i f i c i a l l y  

General  C h a r a c t e r i s t i c s  gf Reservo i r  Modeling 

During t h e  l a s t  y e a r  s t u d i e s  have been d i r e c t e d  t o  t h e  u n d i s t u r b e d  

r e s e r v o i r  away from t h e  we l lbore .  It was f e l t  , t ha t  t h e  need f o r  a b e t t e r  
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unders tand ing  o f  b a s i c  hydrothermal  r e s e r v o i r  f l u i d  mechanics was g r e a t  

enough t o  w a r r a n t  t h i s  focus .  I n  a d d i t i o n ,  c o n s i d e r a t i o n  h a s  been g iven  

p r i m a r i l y  t o  a s t u d y  of porous media, and i n  p a r t i c u l a r  t o  t h e  laminar  

flow regime where Darcy ' s  Law f o r  inul t iphase  f low i s  p e r t i n e n t .  Although 

t h e  f l u i d  f low modeling c o n s i d e r s  (a porous medium i n  p a r t i c u l a r ,  t h i s  

should  n o t  res t r ic t  t h e  r e s u l t s  of such work t o  on ly  t h o s e  geothermal  

r e s e r v o i r s  whose f l u i d  c o n t e n t  i s  con ta ined  i n  a homogeneous porous medium 

such a s  sands tone .  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  of' gas  f low based upon 

t h e  model o f  a porous medium have been s u c c e s s f u l l y  a p p l i e d  t o  f i e l d s  

known t o  be h i g h l y  f r a c t u r e d  (Ramey, p e r s o n a l  communication; E l k i n s  

and Skov, 1967).  

Modeling e f f o r t s  d u r i n g  t h e  p a s t  y e a r  have been d i r e c t e d  p r i m a r i l y  

L+t two-phase b o i l i n g  f low o f  steam and w a t e r ,  and u l t i m a t e l y  a t  t h e  

fo rmat ion  o f  a d ry  s team zone i n  t h e  f low system. 

dry  steam zone v e r t i c a l l y  above a b o i l i n g  zone i s  of g r e a t  p r a c t i c a l  

i n t e r e s t ,  because t h i s  c a s e  has  been proposed as  a model f o r  vapor-  

dominated systems such a s  The Geysers f i e l d  i n  C a l i f o r n i a .  

f o r  t h i s  emphasis i s  t h a t  compressed- l iqu id  and dry- steam flow t e n d s  t o  

be i s o t h e r m a l .  These i s o t h e r m a l  s i n g l e- p h a s e  f low regimes have been 

e x t e n s i v e l y  s t u d i e d  w i t h i n  t h e  f i e l d s  o f  hydrology and pet roleum r e s e r v o i r  

eng ineer ing .  The s imul taneous  flow o f  steam and w a t e r  h a s  no t  been s t u d i e d  

from a fundamental  flow viewpoint .  Miller s t u d i e d  t h e  single-component 

b o i l i n g  two-phase f low of  propane.  However, t h e  thermal  e f f e c t s  o f  

propane flow ( l a t e n t  h e a t  o f  v a p o r i z a t i o n  150 B t u / l b  a t  70°F) a r e  

much s m a l l e r  than  t h o s e  o f  s a t u r a t e d  s team/water  f low (h 1000 B t u / l b  

a t  212'F). I n  a d d i t i o n ,  w i t h i n  pet roleum technology t h e r e  h a s  been a 

s i g n i f i c a n t  amount of  work done on t h e  s i m u l a t i o n  o f  thermal  r ecovery  

p r o c e s s e s  f o r  o i l  which invo lve  h o t  water and steam i n j e c t i o n  (most 

r e c e n t  i s  work of Crichlow, 1972; S h u t l e r ,  1969; arid Coa t s ,  e t  a l . ,  

1973) .  These s t u d i e s  have been aimed a t  unders tand ing  t h e  p a r t i c u l a r  

o i l  recovery p rocess  r a t h e r  than  a t  unders tand ing  t h e  b a s i c  mechanisms 

involved i n  nonisothermal  two-phase b o i l i n g  flow. 

The fo rmat ion  o f  a 

The reason  

f g 

The i n j e c t i o n  of  c o l d  r e c y c l e d  w a t e r  i n t o  a h o t  r e s e r v o i r  sys tem 

. 

. 
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w i l l  also be o f  g r e a t  i n t e r e s t  i n  geothermal  sys tems.  The c a s e  where 

a r e s e r v o i r  c o n t a i n i n g  compressed l i q u i d  undergoes i n j e c t i o n  of a 

c o o l e r  compressed l i q u i d  has  r e c e i v e d  a f a i r  amount of  a t t e n t i o n  w i t h i n  

t h e  pet roleum l i t e r a t u r e  ( s e e ,  e . g . ,  Marx and Langenheim, 1959; 

Lauwerier ,  1955; and Cri,chlow, 1972) .  Mercer h a s  a l s o  r e c e n t l y  s t u d i e d  

t h e  non i so the rmal ,  s i n g l e - p h a s e  f low of  a compressed l i q u i d ,  and h a s  

a p p l i e d  t h e  a n a l y s i s  t o  t h e  Wairakei  geothermal  f i e l d  i n  New Zealand. 

The c a s e  where co ld  w a t e r  i s  i n j e c t e d  i n t o  a h o t  d r y  system seems t o  

liave r e c e i v e d  v e r y  l i t t l e  a t t e n t i o n .  Th i s  case should  be important  

For h e a t  scavenging i n  d e p l e t e d  vapor-dominated systems a s  w e l l  a s  t h e  

impervious h o t  d r y  rock case .  

I n  t h e  p roduc t ion  of  o i l  and gas  r e s e r v o i r s ,  t h e  occur rence  of 

v e r t i c a l  s e g r e g a t i o n  o f  f l u i d  phases  h a s  been found t o  a f f e c t  f i e l d  

performance s i g n i f i c n a t l y  ( s e e ,  e .g . ,  S h u t l e r ,  1969; and Coa t s ,  e t  a l . ,  

1 9 7 3 ) .  

For example, c o n s i d e r  t h e  c a s e  of  a s i n g l e  w e l l  p roducing steam and 

wa te r  from a homogeneous ( p o s s i b l y  a n i s o t r o p i c )  a q u i f e r  of  c o n s t a n t  

t h i c k n e s s ,  h ,  shown i n  Fig .  39. Tn t h e  f i r s t  c a s e ,  F ig .  39-a,  wherein  

t h e r e  i s  no v e r t i c a l  s e g r e g a t i o n ,  t h e  v a l u e  of  l i q u i d  s a t u r a t i o n ,  

S L ( r y t ) ,  i s  c o n s t a n t  o v e r  t h e  

w e l l b o r e  i s  r e s t r i c t e d  b:y t h e  p resence  of l iqu- id  i n  t h e  flow channe l s .  

However, t h i s  i s  no t  t h e  c a s e  i n  Fig.  39-by where S ( r , h , t )  may be 

equa l  t o  o r  c l o s e  t o  ze ro  a t  t h e  top  of  t h e  producing format ion.  Under 

t h e s e  c o n d i t i o n s ,  t h e  f low o f  steam i n  t h e  upper p o r t i o n  o f  t h e  i n t e r v a l  

i s  much l e s s  r e s t r i c t e d .  Hence t h e r e  w i l l  be a tendency f o r  l i q u i d  t o  

b o i l  i n  t h e  lower p a r t  of t h e  r e s e r v o i r ,  and supply  steam t o  t h e  upper  

p a r t  of t h e  r e s e r v o i r ,  where i t  can then  flow t o  t h e  w e l l b o r e  much more 

e a s i l y .  Case 39-a would occur  i f  t h e r e  were l i t t l e  v e r t i c a l  p e r m e a b i l i t y  

w i t h i n  t h e  r e s e r v o i r .  I n  c a s e  39-b, v e r t i c a l  communication i s  good. The 

mathemat ica l  fo rmula t ion  of t h i s  flow problem would be i n  terms o f  two 

space  dimensions .  I t s  mathematncal s o l u t i o n  i s  more complex than  t h e  

one-dimensional  c a s e .  

not  y e t  been under taken ,  b u t  it  i s  one of t h e  u l t i m a t e  g o a l s  of t h e  

This  w i l l  undoubtedly a l s o  be t h e  c a s e  f o r  geothermal  r e s e r v o i r s .  

i n t e r v a l ,  h.  The flow of  steam t o  t h e  

L 

The s o l u t i o n  of  t h i s  two-dimensional  problem h a s  
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single well h- 

(a )  No V e r t i c a l  Segregat: ion.  

( b )  Complete V e r t i c a l  Segrega t ion .  

F i g u r e  39 .  Schematic of P o t e n t i a l  EfEect  o f  V e r t i c a l  
S e g r e g a t i o n  on Geothermal Rese rvo i r  Behavior.  
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I 

p r e s e n t  work. 

The s i m p l e s t  sys tem t h a t  can be cons ide red  i s  l i n e a r  h o r i z o n t a l  

f low w i t h  no v e r t i c a l  s e g r e g a t i o n .  Such a sys tem h a s  i n i t i a l l y  been 

t h e  focus  o f  both  t h e  mathemat ica l  modeling and bench- scale  exper imenta l  

work done t o  d a t e .  For a sys tem such a s  h a s  been c o n s t r u c t e d  i n  t h e  

l a b o r a t o r y ,  i t  i s  n o t  expec ted  t h a t  v e r t i c a l  s e g r e g a t i o n  w i l l  o c c u r ,  a s  

t h e  r a t i o  of buoyant t o  v i s c o u s  f o r c e s  i s  sma'L1. Thus, u s i n g  numerical  

r e s u l t s ,  t h e  t r a n s i e n t  behavior  of  a b o i l i n g  f low system can be s t u d i e d  

and v e r i f i e d  a g a i n s t  t h e  bench- sca le  exper imenta l  r e s u l t s .  A s tudy  of 

l i n e a r  flow f o r  v e r t i c a l  systems i s  being planned.  I n  t h i s  c a s e  t h e  

r a t i o  o f  buoyant t o  v i s c o u s  f o r c e s  i s  l a r g e r  t h a n  f o r  t h e  h o r i z o n t a l  

flow c a s e ,  and v e r t i c a l  s e g r e g a t i o n  w i l l  be more l i k e l y  t o  occur .  

Many a q u i f e r s ,  and i n  p a r t i c u l a r  t h o s e  found i n  h o t  geothermal  

a r e a s ,  c o n t a i n  s i g n i f i c a n t  d i s s o l v e d  s o l i d s .  I f  t h e  h o t  a q u i f e r  is  

produced i n  t h e  two-phase b o i l i n g  f low regime,, i t  would be expected 

t h a t  much o f  t h e  d i s s o l v e d  s o l i d s  w i l l  p r e c i p i t a t e ,  and may b lock  flow 

channe l s .  Th i s  can b e  cons ide red  mathemat ica l ly  by h y p o t h e s i z i n g  t h a t  

t h e  p r e c i p i t a t i o n  of  so:t ids from t h e  f lowing channe l  w i l l  i n  some f a s h i o n  

reduce t h e  a b s o l u t e  p e r m e a b i l i t y .  

t h e  p r e c i p i t a t i o n  from a s imple  system of  d i s s o l v e d  s a l t s  by u s i n g  

s o l u b i l i t y  d a t a .  T h e o r e t i c a l  c o n s i d e r a t i o n s  could  be used t o  c o n s t r u c t  

a s imple  model o f  p e r m e a b i l i t y  r e d u c t i o n  by p r e c i p i t a t i o n .  The t e s t  

f o r  such a model would of  c o u r s e  be v e r i f i c a t i o n  o f  numer ica l  r e s u l t s  

by p h y s i c a l  experimentat: ion.  

planned . 

It would n o t  be d i f f i c u l t  t o  compute 

I3oiling f low exper iments  u s i n g  b r i n e  a r e  

E a r l y  mathemat ica l  fo rmula t ions  of t h e  b o i l i n g  f low problem were 

g iven  i n  P r o g r e s s  Report. No. l,, For a porous medium o f  smal l  g r a i n  

s i z e ,  t h e  t r a n s i e n t  r e sponse  of h e a t  f l u x  from t h e  s o l i d  p a r t i c l e s  i s  

r a p i d  compared t o  t h e  r a t e  a t  which t h e  t empera tu re  of  t h e  f l u i d  changes. 

Th i s  i s  b a s i c a l l y  a r e s u l t  o f  t:he f a c t  t h a t  t h e  a r e a l  c o n t a c t  between 

t h e  rock and f l u i d  i s  ve ry  l a r g e  on a s u r f a c e  a r e a  p e r  u n i t  bulk volume 

o f  rock b a s i s ,  and t h i s  causes  t h e  t i m e  c o n s t a n t  f o r  t h e  t r a n s i e n t  r e -  

sponse  t o  be smal l .  Thus t h e  t o t a l  h e a t  f low from t h e  rocks  over  a t ime 
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s t e p  can  be t a k e n  a s :  

( s p e c i f i c  h e a t  o f  rock  p a r t i c l e s )  x (mass of rock)  

x ( t empera tu re  change over  t ime) = C Mr AT ( 4 8 )  P 

I n  t h e  case where m a t r i x  p a r t i c l e  s i z e s  a r e  l a r g e ,  t h e  t r a n s i e n t  response  

w i l l  n o t  be a s  r a p i d .  Hence i t  would be n e c e s s a r y  t o  c o n s i d e r  t h e  l a g  i n  

h e a t  flow from t h e  rocks  t o  t h e  f l u i d s .  

Mathemat ica l  Formulat ion of  t h e  P h y s i c a l  Problem 

A d i s c u s s i o n  of t h e  mathemat ica l  f o r m u l a t i o n  of  t h e  p a r t i c u l a r  

l i n e a r  f low problem d i s c u s s e d  i n  t h e  p rev ious  s e c t i o n  i s  p r e s e n t e d  i n  

t h e  fo l lowing .  

o f  steam and w a t e r  through a d ipp ing  porous  medium. 

e f f e c t s  i n  such flow, i t  is  n e c e s s a r y  t o  c o n s i d e r  energy a s  w e l l  a s  mass 

f l u x  through t h e  system. 

a p p l i e d  t o  an  e l e m e n t a l  volume o f  c o r e ,  a long  w i t h  r a t e  e q u a t i o n s  and 

o t h e r  assumpt ions  l e a d s  t o  t h e  f o l l o w i n g  n o n l i n e a r  coupled 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  ( d e r i v e d  i n  Appendix B ) :  

S p e c i f i c a l l y ,  we wish t o  look a t  t h e  l i n e a r  b o i l i n g  flow 

Due t o  t h e  l a r g e  thermal  

A c o n s i d e r a t i o n  of  mass and energy c o n s e r v a t i o n  

and : 

( 4 9 )  
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where : 

p a r e n t h e s e s  " ( ) I '  i n d i c a t e  s p e c i f i e d  f u n c t i o n a l  dependence on one 

o r  both  of  t h e  dependent v a r i a b l e s :  

p r e s s u r e ,  p ,  o r  vo lumet r i c  l i q u i d  s a t u r a t i o n ,  SL;  

x and t a r e  independent  v a r i a b l e s  f o r  d i s t a n c e  and t ime ,  

K = 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  l i q u i d  

K = 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  g a s  

ci i = 1 , 6  

R 

g 

i' s p e c i f i e d  s t a n d a r d  p h y s i c a l  and thermodynamic p r o p e r t i e s  
i = 1 , 7  o f  s a t u r a t e d  steam and w a t e r ;  d e f i n e d  i n  Appendix C 1 Bi , 

- -  ' 
gC 

- convers ion  f a c t o r  from mass base  t o  a f o r c e  base  

8 = a n g l e  o f  d i p  a,s measured from h o r i z o n t a l  

I$ = f r a c t i o n a l  p o r o s i t y  o f  t h e  porous medium 

K = e f f e c t i v e  thermal  c o n d u c t i v i t y  o f  t h e  medium i n  t h e  d i r e c t i o n  

(C  P ) = s p e c i f i c  h e a t  of m a t r i x  rock on a volume b a s i s  

T = datum tempera tu re  

of  f low 

P r  r 
0 

= h e a t  l o s s  r a t e  from system on a u n i t  s u r f a c e  a r e a  exposed ' 1  1 I 

p e r  u n i t  l e n g t h  biasis q10ss 

These two e q u a t i o n s  a r e  s i m i l a r  t o  Eqns. 10 and 11 presen ted  i n  P r o g r e s s  

Report  No. 1 (1973).  Bas ic  d i f f e r e n c e s  a r e  t h a t  i n  t h e  e q u a t i o n s  p r e s e n t e d  

above,  t h e  e f f e c t  o f  d ipp ing  flow h a s  been inc luded ,  and t h e  p h y s i c a l  and 

thermodynamic p r o p e r t i e s  o f  wa te r  a r e  expressed  i n  a more g e n e r a l  form. 

The f o r m u l a t i o n  p r e s e n t e d  h e r e  can a l s o  b e  s p e c i f i e d  f o r  t h e  s i n g l e - p h a s e  

flow regime ( i s o t h e r m a l  o r  non i so the rmal ) .  This  i s  d i s c u s s e d  i n  P r o g r e s s  

Report  No. 1 (1973).  

P h y s i c a l  C o n s i d e r a t i o n s - - I t  should  be noted t h a t  t empera tu re  does 

no t  appear  a s  a dependent v a r i a l b l e  i n  (49) and (50).  This  i s  because a n  

a p p r o p r i a t e  vapor p r e s s u r e  r e l a , t i o n s h i p  f i x e s  t empera tu re ,  T ,  a s  a f u n c t i o n  

o f  p r e s s u r e ,  p ,  f o r  b o i l i n g  flow. Hence t empera tu re  i s  i m p l i c i t l y  des-  

c r i b e d  i n  (49) and (50) .  A s  vo lumet r i c  l i q u i d  s a t u r a t i o n s  become very  

s m a l l ,  and a d r y  steam zone beg ins  t o  form, t h e r e  i s  a p h y s i c a l  b a s i s  

f o r  e x p e c t i n g  a vapor p r e s s u r e  lowering e f f e c t .  Th i s  would be due t o  
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s u r f a c e  e f f e c t s  between t h e  g a s ,  l i q u i d ,  and s o l i d .  Such behavior  has  

been s t u d i e d  by Ramey and co-workers (Cady, 1969; Cady e t  a l . ,  1972; 

Chicoine ,  1974; S t r o b e l ,  1973) Ibut has  n o t  y e t  been c l e a r l y  observed.  

However, i n v e s t i g a t i o n s  o f  t h i s  phenomena w i l l  be con t inued  i n  t h e  

S t a n f o r d  program d u r i n g  t h e  coming yea r .  I f  i t  i s  determined t h a t  vapor 

p r e s s u r e  lower ing does  indeed a f f e c t  t h e  development o f  a d r y  steam zone,  

a modif ied  vapor p r e s s u r e  curve  w i l l  have t o  be s p e c i f i e d  f o r  low s a t u r a -  

t i o n s  and f o r  t h e  p a r t i c u l a r  porous medium. 

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

F i g u r e  40 i l l u s t r a t e s  such 

When t h e  vo lumet r i c  l i q u i d  s a t u r a t i o n ,  SL, f a l l s  below t h e  r e s i d u a l  

nonisothermal  s i n g l e- p h a s e  g a s  f low should  occur .  
'Lr 9 

l i q u i d  s a t u r a t i o n ,  

That  i s ,  t h e  l i q u i d  phase would become immobile below t h e  commonly 

r e f e r r e d  t o  " i r r e d u c i b l e "  l i q u i d  s a t u r a t i o n ,  a l though  i t  cou ld  s t i l l  

b o i l .  

space  ( S  g r e a t e r  than  z e r o ) ,  t h e  e q u a t i o n s  d e s c r i b i n g  such Elow a r e  

(49) and (50) .  I f  vapor p r e s s u r e  lower ing e f f e c t s  become impor tan t ,  

:hen t h e  g a s  w i l l  appear  t o  be superhea ted  (from t h e  p o i n t  of  view o f  

f l a t  s u r f a c e  vapor  p r e s s u r e  d a t a )  even though i t  may be i n  e q u i l i b r i u m  

wirrh t h e  l i q u i d  phase .  

f o r  t h e  gas  t o  accoun t  f o r  t h i s .  When S becomes z e r o ,  Eqns. (49) and 

(50) a r e  s t i l l  v a l i d  a l though  somewhat s i m p l i f i e d .  Volumetric l i q u i d  

s a t u r a t i o n ,  i s  c o n s t a n t  ( z e r o ) ,  and t h e  two dependent v a r i a b l e s  a r e  

p r e s s u r e ,  p ( x , t ) ,  and t empera tu re ,  T ( x , t ) .  I n  t h i s  c a s e  t h e  p h y s i c a l  

p r o p e r t i e s  f o r  t h e  superhea ted  steam would have t o  be s p e c i f i e d  a s  

f u n c t i o n s  o f  bo th  p r e s s u r e  and temperature .  

So long a s  t h e r e  i s  s t i l l  l i q u i d  w a t e r  remaining i n  t h e  pore  

L 

It may be necessa ry  t o  s p e c i f y  modified p r o p e r t i e s  

L 

The d e t e r m i n a t i o n  and v e r i f i c a t i o n  of e f fec : t ive  p e r m e a b i l i t y  t o  

each of  t h e  f l u i d  phases  a s  f u n c t i o n s  o f  p r e s s u r e ,  t empera tu re ,  and 

vo lumet r i c  l i q u i d  s a t u r a t i o n ,  i s  one of  t h e  main g o a l s  of  t h e  p r e s e n t  

r e s e a r c h  e f f o r t .  I n  sp i t e  of  t h e  f a c t  t h a t  v a r i o u s  workers have concluded 

t h a t  t h e  t empera tu re  dependence o f  e f f e c t i v e  p e r m e a b i l i t y  t o  a p a r t i c u l a r  

phase  needs  t o  b e  cons ide red  ( s e e ,  e .g . ,  Coats e t  a l . ,  1973) ,  such de-  

pendence h a s  n o t  been t h e  s u b j e c t  of much s tudy .  Ramey and co-workers 

(Poston,  e t  a l . ,  1970; Weinbrandt,  1972; Weinbrandt e t  a l . ,  1973) 
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Figure  40 .  Diagram of a n  E f f e c t i v e  Vapor P r e s s u r e  Curve I n c l u d i n g  
C a p i l l a r y  P r e s s u r e  E f f e c t s  a t  L o w  Volumetric L iqu id  
S a t u r a t i o n s ,  SL. 
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have i n v e s t i g a t e d  t h e  noniso thermal  mu l t iphase  f low of  f l u i d s  through 

porous media, and a c o n t i n u a t i o n  of  such work i s  underway. 

The parameter  8 i n  (49 )  and (50) i s  t h e  ang le  o f  d i p  from t h e  

h o r i z o n t a l .  We w i l l  b e  p r i n c i p a l l y  i n t e r e s t e d  i n  on ly  two v a l u e s  of  

8; z e ro  f o r  h o r i z o n t a l  flow, and 90’ f o r  v e r t i c a l  flow. 

The vo lume t r i c  thermal  energy c a p a c i t y  of t h e  rock  m a t r i x  w i l l  

depend upon t h e  rock  type ,  and a l s o  p o s s i b l y  on tempera ture .  

much o f  t h e  thermal  energy  f o r  v a p o r i z i n g  l i q u i d  comes from t h e  rock  

m a t r i x ,  i t  may be d e s i r a b l e  t o  i n c l u d e  t h e  e f f e c t  o f  t empera tu re  on 

(Cprp,). 
t h e  o v e r a l l  s o l u t i o n  o f  t h e  flow problem. 

p o r o s i t y ,  0, may w e l l  be  a f u n c t i o n  o f  both p r e s s u r e  and tempera ture .  

But f o r  t h e  same r eason  j u s t  mentioned, t h i s  f u n c t i o n a l  dependence w i l l  

n o t  b e  inc luded  i n  t h e  p r e s e n t  problem fo rmula t ion .  

Because 

I n i t i a l l y  t h i s  w i l l  n o t  b e  done, a s  i t  w i l l  n o t  g r e a t l y  a f f e c t  

I n  a s i m i l a r  f a s h i o n ,  t h e  

The e f f e c t i v e  thermal  c o n d u c t i v i t y  i n  t h e  ( d i r e c t i o n  of  flow should 

a l s o  b e  a f u n c t i o n  of  f lowing  c o n d i t i o n s .  

Appendix C t h a t  t h e  c o n t r i b u t i o n  o f  c o n d u c t i v i t y  t o  t h e  energy flow 

term i s  sma l l ,  excep t  under  somewhat a d v e r s e  p h y s i c a l  c o n d i t i o n s .  Thus, 

even i f  t h e  c o n t r i b u t i o n  of c o n d u c t i v i t y  t o  enesgy f low i s  t o  b e  inc luded  

i n  t h e  problem fo rmula t ion ,  a n  account ing  f o r  l i m i t e d  v a r i a t i o n  i n  e f f e c t i v e  

c o n d u c t i v i t y  would n o t  b e  neces sa ry .  

However, i t  i s  shown i n  

The n o n l i n e a r  c o e f f i c i e n t s ,  a . ( p )  and @.(p:l c o n t a i n  s p e c i f i e d  s t a n d a r d  
1 1 

thermodynamic p r o p e r t i e s  of  w a t e r ,  and a r e  d e f i n e d  i n  Appendix C. 

appendix p r e s e n t s  a d i s c u s s i o n  of  d imens ional  c o n s i d e r a t i o n s  o f  t h e  

c o e f f i c i e n t s  w i t h i n  t h e  flow equa t ions .  It a l s o  shows t h e  v a r i a t i o n  

o f  t h e  n o n l i n e a r  c o e f f i c i e n t s  over  a range  o f  p r e s s u r e ,  and d i s c u s s e s  

an  e v a l u a t i o n  o f  c o n d i t i o n s  under  which some c o e f f i c i e n t s  dominate t h e  

n o n l i n e a r  terms i n  t h e  f low equa t ions .  

Th i s  

Mathematical  Cons idera t ions-- The  flow equat.ions ( 4 9 )  and (50) can  

be expressed  i n  a more compact form: 
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L 

c 

t 

where t h e  c o e f f i c i e n t s  y a r e  d e f i n e d  i n  Appendix B. These a r e  two 

h i g h l y  coupled n o n 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  i n  t h e  dependent 

v a r i a b l e s ,  p r e s s u r e ,  p (x ,  t ) ,  and vo lumet r i c  l i q u i d  s a t u r a t i o n ,  SL(x,  t ) .  

I n  o r d e r  t o  s o l v e  t h e s e  e q u a t i o n s ,  it  i s  n e c e s s a r y  t o  s p e c i f y  both 

i 

p r e s s u r e ,  p(x,O),  and l i q u i d  s a t u r a t i o n ,  S (x ,O) ,  a s  i n i t i a l  c o n d i t i o n s .  

For boundary c o n d i t i o n s ,  w e  could  s p e c i f y  p r e s s u r e  o r  f l u x  a s  r e a l i s t i c  

examples. The f i r s t  k ind of  boundary c o n d i t i o n  i s  a D i r i c h l e t  type  of  

c o n d i t i o n  and i s  of t h e  form: p ( 0 , t )  = f ( t ) ,  where f ( t )  is  a s p e c i f i e d  

f u n c t i o n  o f  t i m e .  

does  n o t  seem t o  be necessa ry .  

t h e  Neumann c o n d i t i o n  f o r  l i n e a r  e q u a t i o n s ,  excep t  t h a t  i t  becomes more 

complex i n  t h e  n o n l i n e a r  case .  

f o r  example, l e a d s  t o  a n o n l i n e a r  c o n d i t i o n  because  f l u x  i s  a f u n c t i o n  

of  l i q u i d  s a t u r a t i o n  and p r e s s u r e :  6-1'' = g ( t ) ,  where 3' i s  t h e  s p e c i f i e d  

f l u x  on a u n i t  c r o s s  s e c t i o n a l  a r e a  t o  f low b a s i s ;  g ( t )  is  a s p e c i f i e d  

f u n c t i o n  o f  t i m e :  

L 

A s p e c i f i c a t i o n  o f  l i q u i d  s a t u r a t i o n  a t  t h e  boundary 

The second c o n d i t i o n  i s  comparable t o  

A s p e c i f i c a t i o n  o f  t o t a l  mass f l u x  r a t e ,  

(53) 

I n  t h e  c a s e  of h o r i z o n t a l  f low, a z e r o  f l u x  boundary c o n d i t i o n  
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reduces  t o :  

= o  dx * I boundary 
( 5 4 )  

S p e c i f i e d  p r e s s u r e  and ze ro  f l u x  boundary c o n d i t i o n s  a r e  be ing used i n  

t h e  p r e s e n t  modeling e f f o r t s  f o r  h o r i z o n t a l  flow. 

Nondimensional Considera t ions- -Because  of t h e  n o n l i n e a r  n a t u r e  of 

t h e  flow e q u a t i o n s  i t  i s  n o t  p o s s i b l e  t o  p l a c e  them i n  u s e f u l  d imens ion less  

form. However, by d e f i n i n g  modified space  and t ime v a r i a b l e s :  

P X  
D L  

t* h= L 
L2 

t h e  flow e q u a t i o n s  become : 

( 5 5 )  

(57) 

For  h o r i z o n t a l  flow (y2 = y5 - - 0 ) ,  and wi th  no h e a t  l o s s e s ,  t h e  equa t ions  

reduce  t o  a form which does n o t  r e q u i r e  t h e  s p e c i f i c a t i o n  of a c h a r a c t e r -  

i s t i c  l e n g t h :  

Thus, flow wi th  h e a t  l o s s e s  and /o r  d ipp ing  c h a r a c t e r  r e q u i r e s  s p e c i f i c a t i o n  

of a c h a r a c t e r i s t i c  l e n g t h ,  a s  w e l l  a s  a l l  of  t h e  o t h e r  p e r t i n e n t  p h y s i c a l  

c h a r a c t e r i s t i c s .  
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Purpose  D i r e c t i o n  -- o f  Iqathematical  Modeling Effor ts- -One of  t h e  

main purposes  of  mathemat ica l  modeling i n  p h y s i c a l  s c i e n c e s  and e n g i n e e r i n g  

i s  t o  g a i n  a b e t t e r  i n s i g h t  i n t o  t h e  p h y s i c a l  p r o c e s s e s  which a r e  o c c u r r i n g .  

Th i s  improved unders tand ing  can then  b e  used f o r  a n a l y s i s  and e v a l u a t i o n  

o f  t h e  same p h y s i c a l  p r o c e s s ,  b u t  under a l t e r e d  c o n d i t i o n s .  However, i t  

i s  ext remely important  t h a t  t h e  mathemat ica l  model be v e r i f i e d  a g a i n s t  

an  a c t u a l  p h y s i c a l  system. 

S t e a d y- S t a t e  Systems--The s t e a d y - s t a t e ,  two-phase f low of  b o i l i n g  

steam ( a  s i n g l e  component) through a l i n e a r  c o r e  could  be s t u d i e d .  

Muskat, e t  a l .  (1937) p r e s e n t e d  t h e  f i r s t  s t e a d y - s t a t e  a n a l y s i s  o f  t h e  

s o l u t i o n  g a s  d r i v e  f low problem i n  a n  o i l  r e s e r v o i r .  I n  t h i s  c a s e  both 

t h e  o i l  and g a s  a r e  f lowing ,  arid gas  i s  i n i t i a l l y  d i s s o l v e d  i n  t h e  o i l  

phase. Muskat, e t  a l .  d i d  n o t  have t o  s p e c i f y  energy c o n s e r v a t i o n  

e x p l i c i t l y  f o r  t h e i r  sys tem i n  o r d e r  t o  o b t a i n  t h e  s o l u t i o n .  Miller  (1951) 

s t u d i e d  t h e  single-component two-phase f low o f  propane through porous 

media, and by app ly ing  t h e  p r i n c i p l e s  o f  mass and energy c o n s e r v a t i o n ,  

he was a b l e  t o  d e r i v e  an  a n a l y t i c  s o l u t i o n  f o r  t h e  s t e a d y - s t a t e  c a s e  

s i m i l a r  t o  t h a t  of  Muskat, e t  a l .  

steam f low problem d u r i n g  e a r l y  s t a g e s  o f  t h e  p r e s e n t  work. 

The s t e a d y - s t a t e  two-phase single-component b o i l i n g  f low of  w a t e r  

This  s o l u t i o n  was used f o r  t h e  b o i l i n g  

through a porous medium has  a number of  c h a r a c t e r i s t i c s  which make i t  

u n a t t r a c t i v e  f o r  p h y s i c a l  and mathemat ica l  s i m u l a t i o n  purposes ,  i n  s p i t e  

of t h e  e x i s t e n c e  o f  an  a n a l y t i c  s o l u t i o n  t o  t h i s  problem. 

t h e  s t e a d y - s t a t e  c o n d i t i o n  t o  b e  reached,  t h e  mass f low r a t e  i n t o  a c o r e  

must equa l  t h a t  o u t  o f  i t ,  and i n  a d d i t i o n ,  f low w i t h i n  t h e  c o r e  must 

be s t r i c t l y  i s e n t h a l p i c  ( s e e  Mil ler ,  1951).  M i l l e r  was a b l e  t o  approach 

t h e s e  c o n d i t i o n s  i n  h i s  exper imenta l  work w i t h  propane a t  t empera tu res  

between 70 and 110 F. However, w a t e r  h a s  a much h i g h e r  l a t e n t  h e a t  of  

v a p o r i z a t i o n  than  propane (1000 B t u / l b  v s  70 B t u / l b  ) ;  hence t h e  thermal  

e f f e c t s  o f  b o i l i n g  s t e a d w a t e r  f low would be g r e a t e r  than  those  encountered 

by Mil ler .  In  a d d i t i o n ,  such exper imenta l  work f o r  w a t e r  should  be c a r r i e d  

o u t  a t  t empera tu res  o f  2:12 F o r  h i g h e r ,  and t h i s  requirement  compounds 

t h e  exper imenta l  t a s k  of  e n s u r i n g  i s e n t h a l p i c  f low ( i . e . ,  no h e a t  losses) .  

I n  o r d e r  f o r  

0 

m m 

0 
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The l i m i t i n g  c h a r a c t e r i s t i c  of .the s t e a d y - s t a t e  f low c o n d i t i o n  i s  t h a t  

i t  cannot  develop a d r y  s team zone. Th i s  i s  a consequence o f  t h e  f a c t  

t h a t  t h e  thermodynamic p a t h  o f  flow i s  i s e n t h a l p i c .  It i s  a s e v e r e  

l i m i t a t i o n  because  w e  a r e  u l t i m a t e l y  i n t e r e s t e d  i n  t h e  development o f  

a d r y  steam zone i n  t h e  core .  

Although s t e a d y - s t a t e  f low w i l l  be s imula ted  bo th  p h y s i c a l l y  and 

mathemat ica l ly ,  i t  w i l l  n o t  be t h e  main d i r e c t i o n  of t h i s  work. 

T r a n s i e n t  Systems--I t  would seem more a p p r o p r i a t e  t o  s t u d y  t r a n s i e n t  

f low behav io r .  Such behav io r  r e q u i r e s  less s t r i c t  c o n t r o l  of  exper imenta l  

c o n d i t i o n s ,  and would have a p p l i c a t i o n  i n  two p r a c t i c a l  d i r e c t i o n s .  The 

f i r s t  i s  t h a t  c o n d i t i o n s  r e q u i r e d  f o r  t h e  development o f  a d r y  s team 

zone might be reached and hence s t u d i e d .  

i t  would be necessa ry  t o  develop t e c h n i q u e s  f o r  s o l v i n g  the flow 

e q u a t i o n s  which could  then  be extended t o  t h e  more r e a l i s t i c  and f i e l d -  

o r i e n t e d  c a s e  o f  r a d i a l  flow t o  a w e l l .  

The second a p p l i c a t i o n  i s  t h a t  

The mathemat ica l  modeling e f f o r t s  have a number o f  immediate 

a p p l i c a t i o n s .  

o f  steam and water under  a broad range o f  p h y s i c a l  c o n d i t i o n s .  

r e s u l t s  may then  be matched t o  observed exper imenta l  behavior  i n  o r d e r  

t o  a t t e m p t  t o  v e r i f y  t h e  hypo thes ized  non i so the rmal  r e l a t i v e  p e r m e a b i l i t y  

c h a r a c t e r i s t i c s  o f  t h e  p a r t i c u l a r  porous medium. I n  a d d i t i o n ,  t h e  sen-  

s i t i v i t y  of c a l c u l a t e d  flow behav io r  t o  numerous p h y s i c a l  pa ramete r s  

could  be e v a l u a t e d  (e .g . ,  r e s i d u a l  g a s  and l i q u i d  s a t u r a t i o n ,  assumed 

vapor p r e s s u r e  lower ing e f f e c t s ,  h e a t  l o s s e s  from t h e  c o r e ,  e t c . ) .  O f  

g r e a t  i n t e r e s t  w i t h  r e l a t i o n  t o  geothermal  r e s e r v o i r  development i s  t h e  

amount of  energy produced from t h e  sys tem o v e r  t i m e ,  and how t h i s  compares 

t o  v a l u e s  from t h e  model of Whiting and Ramey (1969). 

The immediate g o a l  i s  t o  s i m u l a t e  t r a n s i e n t  b o i l i n g  f low 

These 

Numerical S o l u t i o n  o f  t h e  Flow Equa t ions  

The s o l u t i o n  of t h e  coupled n o n l i n e a r  system o f  Eqs. ( 4 9 )  and (50) by 

a n a l y t i c  means does  n o t  seem p o s s i b l e .  Of t h e  numerical  methods a v a i l a b l e  f o r  

o b t a i n i n g  s o l u t i o n s  t o  t h e s e  e q u a t i o n s ,  t h e  method of  f i n i t e  d i f f e r e n c e s  h o l d s  
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t h e  most promise.  I n  t h i s  method t h e  con t inuous  domains of s o l u t i o n  

p ( x , t ) ,  and S ( x , t )  a r e  r e p r e s e n t e d  by d i s c r e e t  p o i n t s  on ly .  For 

example, a t  t h e  p o i n t  ( x  t ) p r e s s u r e  is  re ,p resen ted  a s  P and 

v o l u m e t r i c  l i q u i d  s a t u r a t i o n  a s  S Values a t  a smal l  increment 

of t ime ,  d t ,  l a t e r  a r e  r e p r e s e n t e d  a s  being a t  t h e  d i s c r e e t  t i m e  

l e v e l ,  n+l. S i m i l a r l y ,  v a l u e s  i n  space  a t  x 2 dx a r e  r e p r e s e n t e d  a t  

d i s c r e e t  nodes i +_ 1. 

n L 

i' n i' n 
L i '  

B 
-I-! 

B n+1LEf32 n i- 2 i-1 i i+l i+2 

Space - 
The d i f f e r e n t i a l  o p e r a t o r s  i n  Eqs. (49) and (50) can then  be r e p r e s e n t e d  

i n  terms o f  t h e  p r e d e f i n e d  d i s c r e e t  p o i n t s .  

and schemes f o r  r e p r e s e n t i n g  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  i n  terms 

of  d i s c r e e t  p o i n t s .  Many books a r e  a v a i l a b l e  which d i s c u s s  t h e s e  methods 

a s  a p p l i e d  p r i m a r i l y  t o  l i n e a r  problems ( s e e  Smith,  M i t c h e l l ,  Ames 1 9 6 9 ) .  

Ames (1969) and Richtmeyer and Morton a l s o  d i s c u s s  t h e  a p p l i c a t i o n  of t h e s e  

methods t o  n o n l i n e a r  problems such a s  t h o s e  which a r i s e  i n  e n g i n e e r i n g  

and t h e  p h y s i c a l  s c i e n c e s .  

There a r e  numerous methods 

Culham, e t  a l .  have s u c c e s s f u l l y  used t h e  Crank - Nico l son  d i f f e r e n c i n g  

scheme t o  s o l v e  two-phase f low problems i n v o l v i n g  i n t e r p h a s e  mass t r a n s -  

f e r .  Applying t h i s  d i f f e r e n c i n g  scheme t o  E q .  (57) f o r  t h e  c a s e  of  h o r i -  

z o n t a l  f low, and w r i t i n g  i t  about t h e  i t h  node a t  t h e  n+% t i m e  l e v e l :  

where t h e  e x p r e s s i o n  i s  i n  terms of f i n i t e  d i f f e r e n c e  o p e r a t o r s  

( s e e  Ames 1969,  M i t c h e l l ) :  



A i s  t h e  c e n t r a l  d i f f e r e n c e  o p e r a t o r  

AUi = 
'i+1/2 - 'i-1/2 

Ax 

t h e  s e l f - a d j o i n t  d i f f e r e n c e  e x p r e s s i o n  

AxL 

n+l I Un U 
6 i s  a forward d i f f e r e n c e  o p e r a t o r ,  6u = - A t  

and y n i s  e v a l u a t e d  a t  t h e  n t h  t i m e  l e v e l ,  Yn+l  a t  t h e  n+l th .  

It i s  sometimes convenient  t o  e x p r e s s  t h e  time d e r i v a t i v e  on t h e  r i g h t  

hand s i d e  of Eq.  (61) e x p l i c i t i y  i n  terms of p r e s s u r e ,  and s a t u r a t i o n .  

This  i s  done a s  f o l l o w s :  

L 1 

where a5' a6 a r e  known f u n c t i o n s  of  p r e s s u r e ,  and 4) i s  cons t an t .  

Thus, t h e  r i gh t - hand  s i d e  of (61) could a l s o  be  expressed  a s :  

L' where $, and $2 a r e  known f u n c t i o n s  o f  p and S 

I n  t h e  method of  f i n i t e  d i f f e r e n c e s  t h e  problem s o l u t i o n  marches 

tn '  forward i n  t i m e ,  commonly u s i n g  on ly  t h e  most r e c e n t  t i m e  l e v e l ,  

;,f s o l u t i o n  i n  o r d e r  t o  c a l c u l a t e  t h e  new s o l u t i o n  a t  t h e  nex t  t ime 

l e v e l ,  t n+l = t + d t .  

t h e  most r e c e n t  o r  o l d  l e v e l  of s o l u t i o n  i s ,  o f  c o u r s e ,  t h e  s p e c i f i e d  

i n i t i a l  c o n d i t i o n  f o r  t h e  problem. 

For t h e  f i r s t  t i m e  s t e p  from t = 0 t o  t = d t ,  

I n  t h e  f i n i t e  d i f f e r e n c e  s o l u t i o n  of 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 ,  i t  i s  p o s s i b l e  t o  exp res s  unknowns 

t i o n  i n  terms of  on ly  t h e  dependent  v a r i a b l e s  

a t  t h e  new l e v e l  o f  so lu-  

(p  and S f o r  t h i s  
L 

- 104- 



, 
problem). 

node w i t h i n  t h e  d i s c r e e t  domain, a s e t  o f  l i n e a r  a l g e b r a i c  equa t ions  

r e s u l t s .  It i s  of  t h e  form: 

When t h e  f i n i t e  d i f f e r e n c e  e q u a t i o n s  a r e  w r i t t e n  about  each 

where A = a n  m x m c o e f f i c i e n t  m a t r i x  
x = t h e  s o l u t i o n  v e c t o r  (X 1 y x 2 , , . . x  ) t o f  dependent  v a r i a b l e s  

b = a known c o e f f i c i e n t  v e c t o r  (bl ,b2,  ... bm) t 

m - 
a t  t h e  new t i m e  l e v e l  

- 

From a t h e o r e t i c a l  p o i n t  o f  view, t h e  s o l u t i o n  of  such a system of  

equa t ions  i s  e a s i l y  accomplished,  a l t hough  f o r  l a r g e  systems t h i s  

s o l u t i o n  can become q u i t e  t e d i o u s  ( s e e  e.g.,  Fo r sy the  and Moler ) .  

The flow e q u a t i o n s  be ing  d i s c u s s e d  h e r e  a r e  n o n l i n e a r ,  and hence ,  

t h e  d i f f e r e n c e  e x p r e s s i o n  w r i t t e n  about  t h e  p o i n t  i becomes a n o n l i n e a r  

e q u a t i o n  of  t h e  form: 

n+l n+l  
a r e  e v a l u a t e d  i n  terms of  p r e s s u r e  and s a t u r a t i o n  1 ' y3 where y 

v a l u e s  a t  t h e  (unknown) new time l e v e l .  

more c o n c i s e l y :  

This  e q u a t i o n  can be expressed  

I? 2 i - 1  (PS) - = 0 ( 6 4 )  

n+l n+l n+l n+l  n+l  sn+l ) t  a t  
' L,m where - PS i s  t h e  s o l u t i o n  v e c t o r  (p  1 YSL,J'P2 9sL,2 ' " .Pm 

t h e  new t i m e  l e v e l  f a r  a system wi th  m d i s c r e e t  p o i n t s .  

i s  n o t  a l g e b r a i c .  It can ,  however, be  expressed  i n  convenient  n o n l i n e a r  

a l g e b r a i c  form by r e p l a c i n g  t h e  r i g h t  hand s i d e  o f  (61)  by (62 )  t o  g i v e :  

This  e q u a t i o n  

Applying t h e  Crank - N i c o l s o n  d i f f e r e n c e  e q u a t i o n  ( s e e  M i t c h e l l ,  S m i t h )  

t o  t h e  energy f low e q u a t i o n  (58) f o r  t h e  c a s e  of  h o r i z o n t a l  f low: 
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where 4 I1ln+f i s  t h e  h e a t  l o s s  from t h e  system p e r  u n i t  l e n g t h  per u n i t  

a r e a  ove r  t h e  time s t e p  d t  from t t o  t Th i s  e q u a t i o n  can a l s o  b e  

expressed  more c o n c i s e l y  i n  t h e  nona lgeb ra i c  form s i m i l a r  t o  (61 ) :  
n n+l '  

o r  u s i n g  an  e x p r e s s i o n  s i m i l a r  t o  (62 ) ,  i n  n o n l i n e a r  a l g e b r a i c  form: 

Gs:i(ps) = 0 (64b) 

Wr i t i ng  t h e  two d i f f e r e n c e  equa. t ions about  m d i s c r e e t  p o i n t s  w e  w i l l  
n+ 1 

have 2 m  n o n l i n e a r  e q u a t i o n s  i n  t h e  2 m  unknowns: pi  i = 1 , m ;  

F1(PS) - = 0 

F2(PS) - = 0 

f o r  t h e  nona lgeb ra i c  formu1atio.n. I n  v e c t o r  n o t a t i o n  t h i s  i s  

F(PS) = 0 - - -  
t 

where F = (F l7FZ7F 37. . .F 

o f  - PS. The n o n l i n e a r  a l g e b r a i c  combinat ion o f  (65) and (64a ) :  

) , and F a r e  n o n l i n e a r  nona lgeb ra i c  f u n c t i o n s  2 m  i 

G(PS) = - 0 - -  
i s  of t h e  form: 

where A i s  a c o e f f i c i e n t  m a t r i x  whose c o e f f i c i e n t s  depend on t h e  s o l u t i o n  

X. - 
Compared t o  t h e  s o l u t i o n  of l i n e a r  a l g e b r a i c  systems of equa t ions  of  

t h e  form ( 6 3 ) ,  t h e  s o l u t i o n  of n o n l i n e a r  systems of  e q u a t i o n s  of  t h e  form 
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(64c ) ,  and (67) i s  n o t  h i g h l y  developed ( s e e  e.g. I s aacson  and K e l l e r )  

Such s o l u t i o n  t echn iques  a r e  i t e r a t i v e  i n  n a t u r e ,  and t h e  f i n a l  s o l u t i o n  

o b t a i n e d  o f t e n  depends on t h e  i n i t i a l  v e c t o r  guess.  It can be shown by 

a n a l y s i s  ( I s aacson  and K e l l e r )  t h a t  most of t h e  s o l u t i o n  methods w i l l  

converge t o  t h e  r e q u i r e d  answer i f  c e r t a i n  smoothness c o n d i t i o n s  a r e  

m e t  by t h e  system o f  e q u a t i o n s ,  and a l s o  i f  t h e  i n i t i a l  guess  i s  " c lose"  

enough t o  t h e  answer. 

i n  t h e  s e n s e  t h a t  one method w i l l  converge t o  a s o l u t i o n  v e c t o r  c l o s e  

t o  i t  i n  some normative sense ;  whereas a n o t h e r  method, u s i n g  t h e  same 

i n i t i a l  guess ,  w i l l  converge t o  an answer i n  a d i f f e r e n t  p a r t  o f  t h e  

v e c t o r  space .  

However, " c lose"  can  on ly  be  used q u a l i t a t i v e l y  

There a r e  a number of  meithods a v a i l a b l e  f o r  s o l v i n g  systems of  

n o n l i n e a r  equa t ions  of  t h e  form (64c)  o r  (64d).  Culham, e t  a l .  used . 

t h e  method of  s u c c e s s i v e  approximat ion  [ a l s o  c a l l e d  P i c a r d  i t e r a t i o n  

( I s a a c s o n  and K e l l e r )  1 t o  so:Lve a n o n l i n e a r  a l g e b r a i c  fo rmula t ion  o f  

t h e  form (64d) ,  and hence t h i s  was t h e  approach i n i t i a l l y  t e s t e d  i n  

t h i s  work. Th i s  approach gene ra t ed  p h y s i c a l l y  u n r e a l i s t i c  answers i n  

which both  t h e  p r e s s u r e  and :Liquid s a t u r a t i o n  a t  t h e  end o f  t h e  c o r e  

began t o  i n c r e a s e  i n s t e a d  o f  d e c l i n e  a s  they  should  have. 

quence,  a number of  o t h e r  so:Lution t echn iques  were formula ted  and t r i e d ,  

but  t h e s e  a l s o  generat:ed u n r e a l i s t i c  answers.  It was then  r e a l i z e d  

t h a t  t h e  s p e c i f i e d  p r e s s u r e  boundary c o n d i t i o n  t h a t  was being used was 

p h y s i c a l l y  u n r e a l i s t i c : .  The p r e s s u r e  a t  t h e  o u t l e t  end was suddenly 

dropped from an i n i t i a l  c o n d i t i o n  of 500 p s i a  t o  a c o n s t a n t  v a l u e  of  

3000 p s i a .  A more g r a d u a l  drop o f  10 t o  40 p s i  p e r  t i m e  s t e p  t o  t h e  

d e s i r e d  boundary p r e s s u r e  was then  t r i e d ,  and found t o  y i e l d  s a t i s -  

f a c t o r y  r e s u l t s .  

A s  a conse-  

A t  t h e  p r e s e n t  time t h e  program being  used  t o  s o l v e  t h e  flow 

e q u a t i o n s  f o r  h o r i z o n t a l  flow i s  formula ted  i n  terms o f  t h e  Crank- 

Nicholson d i f f e r e n c i n g  scheme. Newton-Raphson i t e r a t i o n  i s  used t o  

s o l v e  t h e  r e s u l t i n g  f u l l y  i m p l i c i t  nona lgeb ra i c  n o n l i n e a r  system of  

equa t ions .  

i n  double  p r e c i s i o n .  

The computer program i s  w r i t t e n  i n  F o r t r a n  I V ,  and execu te s  

The r e s i d u a l s  o f  t h e  f i n i t e  d i f f e r e n c e  equa t ions  
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a r e  used a s  t h e  c r i t e r i o n  f o r  convergence. It has  been found t h a t  a 

r e s i d u a l  c r i t e r i o n  o f  10 i s  small enough t o  y i e l d  s a t i s f a c t o r y  r e su l t s ,  

The answers o b t a i n e d  f o r  t h i s  v a l u e  of  t h e  r e s i d u a l  c r i t e r i o n  do n o t  

d i f f e r  t o  f i v e  s i g n i f i c a n t  f i g u r e s  when compared t o  the  r e s u l t s  genera ted  

f o r  a v a l u e  o f  10 . The more r e l a x e d  c r i t e r i o n  r e q u i r e s  fewer i n t e r n a l  

i t e r a t i o n s  p e r  t i m e  s t e p ,  and hence less  computer t i m e  f o r  execu t ion .  

- 3  

- 10 

A m a t e r i a l  and energy ba lance  e v a l u a t i o n  of t h e  numerical  s o l u t i o n  

i s  a l s o  being c a r r i e d  o u t  a s  a n  a d d i t i o n a l  check of  t h e  v a l i d i t y  of  t h e  

answers.  I n  t h e  present. program t h e  m a t e r i a l  ba lance  u s u a l l y  f a l l s  

r a p i d l y  t o  0.98, and then  remains c o n s t a n t  a t  t h i s  v a l u e  f o r  t h e  r e s t  

o f  t h e  run. 

r anges  from 1.05 t o  1.15 f o r  l o n g e r  t i m e s .  Th i s  r e s u l t s  i s  n o t  s a t i s -  

f a c t o r y ,  and a t t e m p t s  a r e  be ing  made t o  improve upon i t .  

The energy ba lance  r i s e s  s lowly w i t h  t i m e ,  and commonly 

I n  o r d e r  t o  i n c r e a s e  t h e  e x e c u t i o n  speed f o r  a n  i n d i v i d u a l  s i m u l a t i o n ,  

t h e  program h a s  been w r i t t e n  s o  t h a t  i t  w i l l  a u t o m a t i c a l l y  double  t h e  

time s t e p  when a c e r t a i n  c r i t : e r i o n  h a s  been m e t .  The need f o r  such a 

requirement  i s  t h a t  t h e  e a r l y  t r a n s i e n t s  of  t h e  system a r e  q u i t e  r a p i d ,  

and i t  i s  necessa ry  t o  t a k e  s m a l l  t ime s t eps  t o  s i m u l a t e  them a c c u r a t e l y .  

A t  l o n g e r  times, t h e  t r a n s i e n t s  a r e  s lower ,  and hence i t  i s  p o s s i b l e  t o  

i n c r e a s e  t h e  s i z e  o f  t h e  t i m e  s teps.  The c r i t e r i o n  used t o  de te rmine  

whether o r  no t  t o  i n c r e a s e  t h e  t ime s t e p  shoulld be i n d i c a t i v e  of  t h e  

magnitude o f  t h e  t r a n s i e n t s  i n  t h e  system, and of  t h e  f l u x  through a 

g iven  node p o i n t .  One such c r i t e r i o n  which i s  commonly used i n  f l u i d  

coning s imula to r s ,  i n  t h e  o i l  i n d u s t r y  i s  t h a t  the  maximum change i n  

s a t u r a t i o n  over  t h e  system f o r  a g iven  t ime step must be less than  some 

v a l u e  (W.E. Brigham, p e r s o n a l  communication). S a t i s f a c t o r y  v a l u e s  f o r  

such a c r i t e r i o n  have been found t o  range from 0.002 t o  0.008. 

The f u n c t i o n s  ai(P) and e i (P) ,  c o n t a i n i n g  the p h y s i c a l  and thermo- 

dynamic p r o p e r t i e s  of w a t e r  ( a s  d e f i n e d  i n  Appendix C) a r e  r e p r e s e n t e d  

a s  p iecewise  con t inuous  i n t e r p o l a t i n g  c u b i c  spl!ines. The o r i g i n a l  d a t a  

p o i n t s  over  t h e  range 15  - 3000 p s i a  were taken from t h e  ASPIC Steam 

Tables  (Meyer, e t  a l ) .  

I n i t i a l l y  t h e  e q u a t i o n s  o f  ICorey e t  a l .  were used t o  r e p r e s e n t  
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r e l a t i v e  p e r m e a b i l i t y  a s  a f u n c t i o n  o f  l i q u i d  s a t u r a t i o n .  These a r e  

a n a l y t i c  e x p r e s s i o n s  which cam be  d e r i v e d  from a n  i d e a l i z e d  p h y s i c a l  

f low model: 

and 

J. 

SL = (SL - s - s ) / (1 - SLr - s ) ;  
L,r g r  g r  

-1. 

The v a r i a b l e  S" i s  vo1,umetric l i q u i d  s a t u r a t i o n  normalized w i t h  r e s p e c t  

t o  t h e  mobile  l i q u i d  s a t u r a t i o n  i n  t h e  pore  space.  F igu re  4 1  p r e s e n t s  
L 

a graph of  t h e  gas  and l i q u i d  r e l a t i v e  p e r m e a b i l i t i e s ,  I< and I< a s  

a f u n c t i o n  of  S" 
a- r g  r L  ' 
L' L < 'Lr '  which r e s u l t  from t h e  Corey equa t ions .  For S 

= 1 and K = 0 .  ' (1 - S g r ) ,  KrL = 0 and K = 1; and f o r  S 
K r L  r g  L r g  
Other  r e p r e s e n t a t i o n s  o f  r e l a t i v e  p e r m e a b i l i t y  cu rves  can and w i l l  b e  

used. Th i s  form was programmed i n i t i a l l y  because i t  was conven ien t ,  

and could  be modi f ied  e a s i l y  t o  i n c l u d e  t h e  e f f e c t s  of  t empera tu re  on 

t h e  flow c h a r a c t e r i s t i c s  o f  t h e  porous medium. 

The c u r r e n t  program has  g iven  some i n d i c a t i o n s  of  i n s t a b i l i t y  a t  

long run  t imes, 

behavior .  The f i r s t  i s  t h a t  a l t hough  t h e  C r a n k- N i c o l s o n  scheme i s  

s t a b l e  f o r  a l l  v a l u e s  o f  R = d t / ( d x )  

marg ina l ly  s o ,  p a r t i c u l a r l y  when a p p l i e d  t o  n o n l i n e a r  e q u a t i o n s  ( R ,  C. 

Ear lougher ,  J r . ,  pe r sona l  communication). Thus i t  would seem warranted  

t o  u se  a form of t h e  g e n e r a l i z e d  we igh t ing  scheme ( s e e  e.g. Smith,  p .  23 ,  

and Ames, 1969, p. 50) i n  which €I = 0 i s  t h e  e x p l i c i t  scheme, €I = 1 / 2  i s  

t h e  Crank - Nicolson  scheme, and 9 = 1 i s  t h e  backward- di f fe rence ,  f u l l y -  

i m p l i c i t  scheme. The use of  ti v a l u e  of 9 s l i g h t l y  l a r g e r  t h a n  1 / 2  

(0 .6 ,  f o r  example) would a l low t h e  i n h e r e n t  accuracy  of t h e  Crank- 

Nicholson scheme t o  be main ta ined ,  w h i l e  h o p e f u l l y  making i t  more 

s t a b l e .  

There a r e  a inumber of  p o s s i b l e  e x p l a n a t i o n s  f o r  t h i s  

a 2 f o r  l i n e a r  systems,  i t  i s  only  
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A f u r t h e r  s o u r c e  of  t h e  tendency towards u n s t a b l e  behavior  a t  long 

r u n  times may be the e v a l u a t i o n  of t h e  term y l , i + k  i n  (61) and Y4,i+% 

i n  (66) a s  t h e  average  of t h e  two nodes i and i+l. Wi th in  o i l  r e s e r v o i r  

s i m u l a t i o n  technology,  i t  i s  common p r a c t i c e  t o  e v a l u a t e  t h e  t r ansmis-  

s i v i t y  type  of  c o e f f i c i e n t s  c o n t a i n i n g  t h e  p e r m e a b i l i t y  term a t  a n  

upst ream v a l u e  o f  p r e s s u r e .  For example, i f  t h e  e v a l u a t i o n  of  Y 
i s  r e q u i r e d ,  and f l u i d  i s  f lowing from t h e  i t h  node t o  t h e  i f l ’ t h  

node, then  y i s  e v a l u a t e d  a t  t h e  p r e s s u r e  upst ream,  o r  i t h  node. 

Coa t s ,  e t  a l .  (1973) u s e  t h i s  upst ream weigh t ing  i n  t h e i r  numerical  

s i m u l a t i o n  of  s t eamf lood ing  i n  an  o i l  r e s e r v o i r .  There appears  t o  b e  

e m p i r i c a l  a s  wel l  as  p h y s i c a l  b a s i s  t o  expect t h a t  such upst ream 

e v a l u a t i o n  w i l l  r educe  t h e  tendency of  a numerical  s o l u t i o n  t o  become 

u n s t a b l e .  

1, i + k  

1 

The c u r r e n t  program r e q u i r e s  approximate ly  0 .1  sec of  IBM 360167 

computer t i m e  p e r  time s tep-node.  Th i s  compares f a v o r a b l y  wi th  0.2 s e e 1  

t ime s t ep- node  € o r  a one- d inens iona l  s teamflood model r e p o r t e d  by 

S h u t l e r  (1969).  However, i t  i s  slower t h a n  t h e  more r e c e n t  model o f  

Coats ,  e t  a l . ,  which r e q u i r e s  0.04 e q u i v a l e n t  IBM 360167 s e c l t i m e  s t e p -  

node, and i n  a d d i t i o n ,  solvles a more g e n e r a l  and m o r e  complex system 

of  e q u a t i o n s  than  t h e  one dlescribed i n  t h i s  r e p o r t .  The pr imary reason  

f o r  t h e  r e l a t i v e  s lowness  oE t h e  c u r r e n t  model a s  compared t o  t h a t  of  

Coats ,  e t  a l .  i s  that. a l l  c o e f f i c i e n t s  i n  t h e  f low e q u a t i o n s  a r e  e v a l -  

ua ted  f u l l y  i m p l i c i t l y  f o r  each i n t e r n a l  i t e r a t i o n  o f  t h e  s imul taneous  

s o l u t i o n ,  and i n  a d d i t i o n ,  t h e s e  c o e f f i c i e n t s  a r e  r e p r e s e n t e d  by cub ic  

polynomials .  C o a t s ,  e t  a l .  do n o t  e v a l u a t e  a l l  o f  t h e i r  c o e f f i c i e n t s  

i m p l i c i t l y ,  which means t h a t  they  probably  have l e s s  c o e f f i c i e n t  e v a l -  

u a t i o n  p e r  t i m e  s t ep-node  than  t h e  model d e s c r i b e d  i n  t h i s  r e p o r t .  

I n  a d d i t i o n  t o  making fewer f u n c t i o n  e v a l u a t i o n s  on a normal ized b a s i s ,  

Coats ,  e t  a l .  a l s o  tended t o  r e p r e s e n t  f u n c t i o n s  w i t h  l i n e a r  e x p r e s s i o n s  

i n s t e a d  of w i t h  cubic  polynomials.  Th i s  would a l s o  r e s u l t  i n  more 

r a p i d  e x e c u t i o n  times. 
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Comparison - of -- Some P h y s i c a l  I_. and. Numerical R e s u l t s  

An exper iment  was run wi th  t h e  bench- scale  equipment w i t h  t h e  idea  

of a t t e m p t i n g  t o  s i m u l a t e  t h e  observed r e s u l t s  u s i n g  t h e  computer program. 

The c o r e  was i n i t i a l l y  c l o s e d  a t  both ends w i t h  a n  approximate ly  c o n s t a n t  

Lemperature of  370-380 F and a n  i n i t i a l  p r e s s u r e  o f  267 p s i a .  

corresponded t o  t h e  l i q u i d  be ing  i n  t h e  compressed l i q u i d  s t a t e .  

t h e  l e f t - h a n d  end of  t h e  c o r e  c l o s e d ,  t h e  r igh t- hand  end was s lowly 

opened t o  t h e  a tmosphere ,  and t h e  producing p r e s s u r e  was recorded  a s  a 

f r inct ion o f  t i m e  as shown i n  F ig .  4 3 .  The p r e s s u r e  and t empera tu re  

d i s t r i b u t i o n s  a long  t h e  axis o f  t h e  c o r e  were recorded  a t  v a r i o u s  times 

as  shown i n  F igs .  44 and 45.  One s t r i k i n g  f e a t u r e  of t h e  observed 

t r a n s i e n t  behav io r  i s  t h a t  i t  d i d  n o t  d i e  o u t  m e r  t h e  p e r i o d  of obse r-  

v a t i o n .  Hed t h e  f low been i n  t h e  s i n g l e - p h a s e  g a s  o r  compressed l i q u i d  

regime, t h e  t r a n s i e n t s  would have dropped more r a p i d l y .  

0 
This  

Keeping 

The numerical  model i s  n o t  a b l e  t o  s i m u l a t e  t h e  t r a n s i t i o n  from 

compressed l i q u i d  t o  s a t u r a t e d  two-phase f low. 

t o  assume f o r  numerical  s i m u l a t i o n  purposes  t h a t  t h e  i n i t i a l  p r e s s u r e  

was t h e  s a t u r a t i o n  p r e s s u r e  cor respond ing  t o  t h e  approximate  i n i t i a l  

t empera tu re  o f  t h e  system. 

cor respond ing  t o  a n  approximate  i n i t i a l  t empera tu re  of  370 F. 

o f  t h e s e  s i m u l a t i o n s  was simply t o  de te rmine  a q u a l i t a t i v e  comparison 

bctween t h e  p h y s i c a l  and numerical  r e s u l t s .  

Hence i t  was necessa ry  

An i n i t i a l  p r e s s u r e  of  174 p s i a  was s p e c i f i e d ,  

The purpose 
0 

The a c t u a l  c o r e  used was an a r t i f i c i a l l y - c o n s o l i d a t e d  sands tone  

w i t h  a therriocouple w e l l  c a s t  a long  t h e  a x i s .  

measured p o r o s i t y  of 36 p e r  c e n t  and a s i n g l e - p h a s e  a b s o l u t e  p e r m e a b i l i t y  

of  approximate ly  0.1 Darcy,  which appeared t o  be c o n s t a n t  over  a range 

o f  t empera tu res .  F i n a l l y ,  t h e  c o r e  was 23.5 inches  long,  and 2 inches  

i n  d iamete r .  I n  a d d i t i o n  t o  t h e  above i n f o r m a t i o n ,  f u r t h e r  d a t a  were 

r e q u i r e d  by t h e  computer program. I n i t i a l l y  i t  was assumed t h a t  t h e r e  

were no h e a t  l o s s e s  from t h e  c o r e ,  and t h a t  t h e  porous medium had 

r e s i d u a l  vo lumet r i c  l i q u i d  and gas  s a t u r a t i o n s  of' S = 0.30 and 

The porous medium had a 

L t  

. 
b 
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Figure  4 2 .  Flow Diagram of  Computer Program, 
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s = 0.05 respec t : ive ly .  These v a l u e s  were f a i r l y  a r b i t r a r y ,  and were 

simply used a s  a base  c a s e  (S imula t ion  No. 1). 
g r  

F igure  46 p r e s e n t s  c a l c u l a t e d  p r e s s u r e  d i s t r i b u t i o n s  a long  t h e  

c o r e  a t  v a r i o u s  t i . m e s  f o r  S i m u l a t i o n  No. 1. Although t h e  shapes  of 

t h e  s imula ted  and a c t u a l  p r e s s u r e  d i s t r i b u t i o n s  ( s e e  Fig .  4 4 )  a r e  

s i m i l a r  a t  e a r l y  t imes  (up t o  180 s e c ) ,  t h e  c a l c u l a t e d  p r e s s u r e s  drop 

more r a p i d l y  t h a n  a c t u a l  p r e s s u r e s  a t  longer  times. The s i m u l a t o r  a l s o  

p r e d i c t s  t r a n s i e n t s  which a r e  s u b s t a n t i a l l y  s lower  than  would b e  observed 

f o r  s i n g l e- p h a s e  flow. F i g u r e  47 p r e s e n t s  c a l c u l a t e d  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  t h e  core .  A t  t h e  p r e s e n t  t ime t h i s  v a r i a b l e  h a s  been 

measured w i t h i n  t h e  c o r e  o n l y  f o r  lower t empera tu res .  Examination of  

t h e  l i q u i d  s a t u r a t i o n  p r o f i l e s  p r e s e n t e d  i n  Fig,. 47 r e v e a l s  some i n t e r -  

e s t i n g  behavior .  The l i q u i d  s a t u r a t i o n  a t  t h e  o u t l e t  end of t h e  c o r e  

f a l l s  r a p i d l y  u n t i l  i t  reaches  t h e  p o i n t  where r e l a t i v e  p e r m e a b i l i t i e s  

t o  both  phases  a re  approximate ly  equa l  (compare Fig .  47 w i t h  Fig.  4 1 ) .  

This  s a t u r a t i o n  l e v e l  then  moves back through t h e  sys tem u n t i l  a s t a t e  

of  approx imate ly  uniform l i q u i d  s a t u r a t i o n  throughout  t h e  c o r e  h a s  been 

reached a t  a t i m e  of around 180 sec .  

uni form and drops  s lowly a s  l i q u i d  i s  b o i l e d  o f f .  A s  a r e s u l t  of  t h e  

a n a l y s i s  p r e s e n t e d  i n  Appendix C ,  i t  can be seen  t h a t  t h i s  s t a t e  of 

uniform l i q u i d  s a t u r a t i o n  ( towards  which t h e  sys tem i n i t i a l l y  t e n d s )  

i, one where t h e  energy t r a n s f e r  due t o  mass flow i s  approximate ly  equa l  

i n  both  f l u i d  phases .  However a t  t h i s  s a t u r a t i o n  l e v e l ,  most of  t h e  mass 

t r a n s f e r  i s  s t i l l  i n  t h e  l i q u i d  phase.  A s  t h e  l i q u i d  s a t u r a t i o n  approaches  

t h e  r e s i d u a l  l i q u i d  s a t u r a t i o n ,  more mass w i l l  be t r a n s f e r r e d  i n  t h e  gas  

phase ,  u n t i l  f i n a l l y  when t h e  r e s i d u a l  i i q u i d  s a t u r a t i o n  h a s  been reached ,  

a l l  of  t h e  mass t r a n s f e r  w i l l  be i n  t h e  gas  phase. 

been reached,  t h e  h o r i z o n t a l  flow system w i l l  p robably  have very  smal l  

p r e s s u r e  g r a d i e n t s ,  w i t h  r e s i d u a l  l i q u i d  b o i l i n g  throughout  t h e  c o r e .  

Although t h e  numerical  s imulat ior is  have n o t  y e t  been run f o r  a t i m e  t h i s  

long,  t h e  l o n g e s t  irun o f  600 scx does  sugges t  t h a t  t h i s  phenomena w i l l  

indeed occur .  

b u t i o n  could  a l s o  be p r e s e n t e d  f o r  comparison w i t h  measured t empera tu res .  

Then t h e  p r o f i l e  remains e s s e n t i a l l y  

When t h i s  s t a g e  has  

It should  be c l e a r  t h a t  a c a l c u l a t e d  t empera tu re  d i s t r i -  
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Such a graph i s  picesented a s  F ig .  48.  

I n  o r d e r  t o  i:.est t h e  s e n s i t i v i t y  o f  t h e  c a l c u l a t e d  r e s u l t s  t o  

v a r i o u s  i n i t i a l  assumpt ions  about  p h y s i c a l  pa ramete r s ,  t h r e e  a d d i t i o n a l  

s i m u l a t i o n  runs  w r J r e  made. S i m u l a t i o n  No. 2 used t h e  same base  condi-  

t i o n s  as No. 1, excep t  t h a t  t h e  e f f e c t  of  h e a t  t r a n s f e r  from t h e  a i r  

ba th  t o  t h e  c o r e  was inc luded .  It was assumed t h a t  t h e  a i r  t empera tu re  

was 390 F a s  compared t o  a n  i n i t i a l  t empera tu re  i n  t h e  c o r e  of 370 F. 

The o v e r a l l  convec t ive  h e a t  t r a n s f e r  c o e f f i c i e n t ,  U ,  between t h e  c o r e  

and environment w a s  assumed t o  be 4 B t u / h r - f t  F ,  probably  a somewhat 

h igh  va lue .  F i g u r e s  49 and 50 p r e s e n t  t h e  c a l c u l a t e d  p r e s s u r e  and s a t u -  

r a t i o n  p r o f i l e s  f o r  S i m u l a t i o n  No. 2.  The e f f e c t  of  adding h e a t  due t o  

conduc t ion  t o  t h e  f low sys tem i s  p r e d i c t a b l e :  h i g h e r  p r e s s u r e s  and lower 

l i q u i d  s a t u r a t i o n s  throughout  t h e  c o r e .  However, a s  can be s e e n  from 

t h e  f i g u r e s ,  t h i s  e f f e c t  was s m a i l l  (on ly  a few p s i a  and s a t u r a t i o n  per 

c e n t  v a l u e s )  and d i d  n o t  i n f l u e n c e  t h e  o v e r a l l  behav io r  of  t h e  sys tem 

g r e a t l y .  

0 0 

2 0  

During S i m u l a t i o n  No. 1, a n  a r b i t r a r y  assumpt ion about  r e s i d u a l  

g a s  and l i q u i d  s a t u r a t i o n s  was made which a f f e c t e d  t h e  two-phase 

p e r m e a b i l i t y  c h a r a c t e r i s t i c s  of t h e  system. Two f u r t h e r  s i m u l a t i o n  runs  

were made t o  t e s t  t h e  s e n s i t i v i t y  o f  c a l c u l a t e d  r e s u l t s  t o  t h i s  assump- 

t i o n .  S imula t ion  No. 3 used a l l  of t h e  b a s i c  i n p u t  from No. 1, w i t h  t h e  

one e x c e p t i o n  that .  a r e s i d u a l  g a s  s a t u r a t i o n  of  o n l y  0.01 was s p e c i f i e d  

(compared t o  0.05 i n  No. 1). The p r e s s u r e  and s a t u r a t i o n  p r o f i l e s  c a l -  

c u l a t e d  f o r  t h i s  run a r e  p r e s e n t e d  i n F i g s .  51 and 52.  S imula t ion  No. 4 

s i m i l a r l y  used a d l i f f e r e n t  r e s i d u a l  g a s  s a t u r a t i o n  o f  0.1. This run was 

c a l c u l a t e d  t o  a t o t a l  t i m e  of  50 sec .  Two s a t u r a t i o n  p r o f i l e s  f o r  t h e  

run a r e  p r e s e n t e d  i n  Fig .  53. No p r e s s u r e  p r o f i l e s  a r e  p resen ted  f o r  

t-he e a r l y  times of t h i s  run a s  they a r e  e s s e n t i a l l y  s i m i l a r  t o  t h o s e  

f o r  S imula t ions  No. 1 and No. 3 .  A comparison of c a l c u l a t e d  behavior  

f o r  Runs No. 3 and No. 4 t o  t h a t  of  Run No. 1 shows t h a t  va ry ing  r e s i d u a l  

g a s  s a t u r a t i o n s  from 1 p e r  c e n t  t o  10 p e r  c e n t  (does n o t  a f f e c t  t h e  two- 

phase t r a n s i e n t  f low behav io r  of  t h e  c o r e  s i g n i E i c a n t l y .  I n  p a r t i c u l a r ,  

t h e  behavior  o f  Runs No. 1, 3 ,  and 4 w i t h  regard  t o  t h e  normal ized l i q u i d  
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>k 
s a t u r a t i o n ,  SLY i s  q u i t e  s imi lar .  

F u r t h e r  work remains t o  be done i n  t h e  e f f io r t s  t o  compare p h y s i c a l  

and c a l c u l a t e d  r e s u l t s .  I n  p a r t i c u l a r  i t  i s  imiportant t h a t  t h e  i n i t i a l  

p h y s i c a l  and s i m u l a t e d  systems b e  more s i m i l a r  than was t h e  c a s e  above.  

I n  a d d i t i o n ,  work i s  b e i n g  done t o  make t h e  numerical  s i m u l a t o r  more 

a c c u r a t e ,  w h i l e  a t  t h e  same t i m e  a l lowing  more r a p i d  execu t ion .  The 

t h e o r e t i c a l  and programming a s p e c t s  of f low regime changes (e.g. ,  s i n g l e -  

phase compressed l i q u i d  t o  two-phase s a t u r a t e d  Elow) a r e  a l s o  being 

s t u d i e d .  
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APPENDIX A 
i 

EFFECTIVE THERMAL CONDUCTIVITY OF IWK!TURED ROCK 

1. S e r i e s  Model: 

- - kskf 

$kf + (1-$)k 8 

= e f f e c t i v e  thermal conduct iv i ty  of porous so l id  

k = thermal conduct iv i ty  of s o l i d  

kf = thermal conduct iv i ty  of f l u i d  

keff .  
where : 

S 

4 = poros i ty  ( f r a c t i o n a l )  

2. P a r a l l e l  Model: 

3. Geometric Mean Model: 

k e f f .  = (kf)'(ks)'-@ 

4. Combination of S e r i e s  and Faral lel  Model: 

- - -  S I  + bks + ckf 
k e f f .  k (1-d) + dkf 

S 

where: ad + b = (1-rj) 

k e = -  
kf 

k = thermal conduct iv i ty  of u n i t  volume of porous vac s o l i d  i f  t h e  thermal conduct iv i ty  of pore space 
i s  zero 

k = thermal conduct iv i ty  of:  u n i t  volume of porous 
s o l i d  i f  t h e  thermal conduct iv i ty  of t h e  solid 
i s  zero 
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T 
d - s o l i d  

1 
space - 

u n i t  volume 

5 .  E l e c t r i c  Analog: 

(Random d i s t r i b u t i o n  of c r acks )  

where: R = func t ion  of crack dens i ty  and t h e  r a t i o  of crack 
l eng th  t o  craxk width 
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APPENDIX B 

MATHEMATICAL FORMULA'I1ION OF LINEAR TWO-PHASE BOILING 
SINGLE-COMPONENT FLOW I N  A DIPPING. POROUS MEDIUM 

We apply t h e  bas i c  p r i n c i p l e s  of mass and energy conservat ion 

t o  an elemental volume of uniform cross- sec t iona l  a r e a ,  A ,  and l eng th ,  

8x. The system i s  defined t o  inc lude  both t h e  f l u i d s  and rock mat r ix .  

Conservation of Mass -- 

Mass' Out - Mass' I n  + Stor'age = 0 

where: w = mass flowra.te 

8 = angle  of i n c l i n a t i o n  from hor izonta l  

subsc r ip t :  R = l i q u i d  

g = gas 

Assuming t h a t  t h e  t o t a l  mass of rock i n  t h e  el'emental volume does not 

change, we have: 

- (Total. a Mass i n  Vo1um.e) = -[A@8x(pkBL a + (l-SL)pst)] 
a t  a t  (B-3) 

where: 4, = f r a c t i o n a l  po ros i ty  of t h e  medium 

SI, = f r a c t i o n a l  l i q u i d  s a t u r a t i o n  i n  t h e  pore space 

(l-SL) = Sg = t h e  f r a c t i o n a l  steam s a t u m t i o n  i n  t h e  pore space 
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p k  = t h e  dens i ty  of' t h e  l i q u i d  

= t h e  den.sity of' t h e  steam 
pg 

Taking t h e  l i m i t  as 6x goes t o  zero, t h e  mass balance i n  d i f f e r e n t i a l  

form becomes: 

Conservation of Energy 

Neglecting energy changes i n  t h e  system due t o  k i n e t i c  energy and gravi ta-  

t i o n a l  p o t e n t i a l  e f f e c t s :  

(B-5)  
a 

a t  Eneriy Out - Eneriy I n  + -[Energy Storage]  = 0 

"khe + 'EPg + 'cond - 1  x+6x + ' losses 

] + -[Energy a S torge]  = 0 
- ['khe + 'gh.g + qcond x a t  

where: ki = s p e c i f i c  enthalpy 

= t h e  hea t  conduction r a t e  i n  t h e  d i r e c t i o n  of flow 

= t h e  hea t  l o s s  ra te  out  t h e  s i d e  of t h e  volume 
%,,a 

'losses 
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Considering t h e  energy s to rage  i n  t h e  system t o  be t h e  t o t a l  enthalpy of 

rock and f l u i d s  as measured above some datum temperature T and t ak ing  
0’ 

t h e  l i m i t  as 6x goes t o  zero,  t h e  energy balance i n  d i f f e r e n t i a l  form 

becomes : 

.’ 
= 0; O<x<L; t:’O 

+ ‘10 s 8, e s ( B - 7 )  

= t h e  heat  l o s s  per  u n i t  l ength  q ioss  where : 

Rate Equations 

F lu id  flow: We hypothesize t h a t  Darcy’s l a w  f o r  isothermal  

dipping f l u i d  flow can be genera l ized  t o  nonisothermal flow: 

where: Ki(P,T,SL) = t h e  e f f e c t i v e  permeabi l i ty  t o  phase i ,  and 
i s  i n  genera l  a :function of pressure ,  P, 
temperature,  T ,  arid volumetric l i q u i d  
s a t u r a t i o n ,  SL 

pi  = t h e  v i s c o s i t y  of phase i 

(+) converts  from mass u n i t s  t o  fo rce  u n i t s  

z = d i s t ance  above some datum 

For a cons tan t  angle  of s lope:  - - - s i n e .  If t h e r e  a r e  no cap i l -  dx 
l a r y  pressure  fo rces ,  then  t h e  l o c a l  pressures  of each phase a r e  t h e  same. 

Thus, t h e  r a t e  equat ions f o r  t h e  two phases become: 

(B-10) 
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Heat Conduction: Applying Fourier’s Law:: 

- aT 
‘cond ax - -KA - (B-11 ) 

where K = the effective thermal conductivity of the composite 
medium, and in general is a function of temperature, 
T, volumetric liquid saturation, SL, and also the mass 
flowrates through the system 

Heat Losses out the Side: 

(B-12) 

where: U = the overall heat transfer coefficient between the 
fluid-core system and the surrounding environment 

T = the local temperature of the core, and is a function 
of location x, and time, t 

Ta = the temperature of the environment surrounding the core 

Statement of Local Thermodynamic Equilibrium and gesulting Equations of State 

The assumption is made that locally the fluids and rock are all at 

the same temperature. Thus, it is necessary to specify only one temperature 

as iz function of distance, x, along the system. As a result of this assump- 
tion, the presence of two fluid phases implies that their properties are 

thermodynamically specified as bekg at saturation conditims. Hence, for 

flat surface interfaces, temperature, T, density, p,  enthalpy, h, and 

viscosity, 1-1, are all single-valued functions of pressure, p, only. These 

functional relationships are given in standard handbooks on the thermo- 

dynamic properties of steam and water (see, e.g. , Meyer et al. ) .  

In the more general case, where low liquicl saturations in the pore vol- 

wrLe causes surface effects to become important, fit, may be necessary to specify 

temperature in particular as a function of both pressure and saturation: 

T!P,SL). However, this is not being done at the present time. 

As a result of specifying saturation conditions when two phases are 

locally present, the Clausius-Clapeyron equation can be used to convert 

temperature gradients , El saturated, into pressuire gradients, 
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t 

I 

Tabsolute fg (Q 

= [ hfg jhlsaturated 
(B-13 ) 

= absolute temperature Tabsolut e where : 

V = change in specific vo:tume as the liquid evaporates 
fg to the vapor state 

h = change in specific enthalpy as the liquid evaporates. 
fg 

Resulting Flow Equations for Two-Phase Saturated Flow -- 

Applying the preceding to the mass balance expression: 

-T 

1 

(B-14 ) at 

This can be expressed as: 

where the a are functions of pressure only and are defined in Appendix C. 
(B-15) can be made more compact: 

i 

(B-16) 
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Simi l a r ly ,  t h e  energy balance becomes : 

ax 

where c = s p e c i f i c  hea t  of t h e  rock mat r ix  
P 

= dens i ty  of t h e  rcck  mat r ix  'r 
T = datum temperature 

sur face  area. 

0 

= heat  loss  per  u n i t  foo t  of l eng th  per  u n i t  of exposed 

This can he expressed as: 

where t h e  pi a r e  func t ions  of pressure  only and a r e  def ined i n  

Appendix C .  

This  equat ion can be made even more compact: 

( B-18 ) 
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i 
APPENDIX C 

NUMERICAL EVALUATION AND COMPARISON OF 
NONLINEAR COEFFICIENTS I N  THE FLOW EQUATIONS 

For purposes of understanding t h e  behavior and s t r u c t u r e  of t h e  

governing flow equat ions,  it i s  use fu l  t o  examine t h e  nonl inear  co- 

e f f i c i e n t s  i n  them. 

flow problem, which i n  t u r n  i s  u s e f u l  f o r  f i nd ing  a so lu t ion  of t h e  prob- 

lem. This appendix examines t h e  nonl inear  c o e f f i c i e n t s  and t h e i r  con- 

t r i b u t i o n  t o  phys ica l  i n t e r p r e t a t i o n  of t h e  flow equat ions.  

This  can l e a d  t o  valuable  phys ica l  i n s i g h t  i n t o  t h e  

Dimensional Considerat ions 

A d e f i n i t i o n  of t h e  nonl inear  c o e f f i c i e n t s  and s tandard u n i t s  used 

for them i s  given below. 

Dependent Variables:  

p = pres su re ,  p s i a  

L volume pore space 
volume l i q u i d  i n  pore space 

S = volumetric l i q u i d  s a t u r a t i o n ,  - 

Independent Variables:  

x = d i s t ance ,  f t  

t = t ime,  sec 

Spec i f ied  Functional Rela t ionships :  

kR, k = e f f e c t i v e  permeabi l i ty  t o  t h e  phase, Darcy (no te  t h a t  
elsewhere i n  t h i s  r e p o r t ,  permeabi l i ty  i s  represented  
as upper case  K) 

i 
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l b z  4 2  a4 - P /u -6 
g y  f t  cp 

a 5 
f t 3  

a5 - Pg’  

p2h Bt’u lbm A R R  6 = -  6 1-1R f t  cp 

p2h Btu lbm 
A A . &  -- 

6 f t  cp v y  B4 = 
g 

T v  a abs f g  OR f t 3  
’ Btu 

f g  
’ -  7 h 

where: p = dens i ty  

p = viscos i . ty  

h = s p e c i f i c  enthalpy 

= absolu te  temperature Tabs 
v = specif i .c  volume 

T = temperature,  OF 

subsc r ip t s :  R = l i q u i d  phase 

g = gas phase 

f g  = change i n  going from l i q u i d  t o  gas 

o = base va lue  
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f 

! 

i 

i 

lbf 
constants: [:-I = -- 

lbm 

volume pore space 
bulk volume of medium 4 = fractional porosity, 

Btu 
hr ft "F 

K = effective thermal conductivity, 

p ) = specific heat content of matrix rock on a (C Pr 
Btu volume basis, -- 

ft3 OF 

Nonlinear Coefficient 

(x,t) = local heat l o s s  rate from sides of core on a qiks 
h(T(x,t) - T,) Btu 

hr ft 3 in L unit volume basis, = - 

Btu 

hr ft2 O F  

h = convective heat loss coefficient, 

In order to make the units given above dimensionally consistent in the 

governing flow equations, it i.s necessary to .make the following conver- 
sions : 

a) Convert permeability, k(darcies) to (cp ft 2 /sec psia) by 

multiplying by (1/1.3656 x 10 4 ) ;  

Btu b) Convert thermal conductivity, K 

1 by multiplying by 

e )  Convert effective convective heat transfer coefficient for heat 

losses to the surround-ing medium, h Btu Btu 

by multiplying by -- * 3600 ' 

[Eh5b x 10 

1 

lb: 
d) Convert CY. and 

to [ . by multiplying by 
3 ft cp ft in cp 
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Btu lbm Btu lb,n 
e) Convert B3 and B4, [T-] to [ 2-] by multiplying by 

ft cp ft in lcp 

Components -- of the Nonlinear Coefficients 

It is convenient to express the two governing flow equations: 

where the yi,i-l,6 are defined below. We also wish to evaluate the 

a and B as a function of pressure. This was d 'me at pressures of 

100 and 1000 psia, and the results are expressed below in Table C-1 

- 
i i 

in units consistent; with the rest, of the equation. 

Table C-1 

Values of a - and Bi 2,t p = 100 and 1000 psia 

(These values are dimensionally consfstent 
with the governing equations) 

Function p = 100 p = 1000 Function p = 100 p = 1000 

a, 344 492 1 x 1 0  5 3 105 
I 

2 ci 16 120 

140  160 4 x 1 0  5 9 l o 4  
.02 1.8 29.2 2180 

.23 2.2 268 2675 
1.6  l o 4  2.2 1 0  '6 

3. 9 0.6 

@3 

B4 

B5 

@7 

"3 
"4 

a5 
'6 

4 56.2 44.1 

In the discussion below it should be remembered that permeability 
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L 

i 

t o  each phase may range from zero t o  k [ d a r c i e s ] / ( l . 3 6  x 10  4 ) , where max 
t h e  r e s u l t i n g  numerical va lue  is dimensionally cons i s t en t  wi th  t h e  

equat ions.  

For y1 kRal + k a we ;see t h a t  t h e  con t r ibu t ion  t o  mass flow of 
g 2’ 

t h e  gas i s  s m a l l ,  bu t  not n e g l i g i b l e  unless  e f f e c t i v e  gas permeabil i ty  

i s  much smaller  than e f f e c t i v e  l i q u i d  permeabil i ty .  

F o r a  k a  + k a  )& :sine, we see  t h a t  un less  t h e  e f f e c t i v e  

permeabi l i ty  t o  gas  i s  much g r e a t e r  than  t h a t  t o  l i q u i d ,  then  l i q u i d  

c h a r a c t e r i s t i c s  dominate t h e  dipping flow term. 

s a t u r a t i o n s  when t h e  system begins t o  dry up l o c a l l y ,  w e  do f i n d  extremely 

l a r g e  e f f e c t i v e  k /k r a t i o s .  

gas c h a r a c t e r i s t i c s  w i l l  dominate t h e  g r a v i t y  segrega t ion  behavior.  

2 [ a 3  g 4 g c  

However, a t  low l i q u i d  

Thus, as a dry zone begins t o  form, t h e  
g R  

A 
= @((l5 + S w ) we see  t h a t  a For y i s  smaller than  0.6, but  not 

3 ~6 5 
neces sa r i l y  n e g l i g i b l e  compared t o  it. 

s t ronger  dependence on pressure .  Thus, although most of t h e  mass 

s torage  i n  t h e  pore volume i s  i n  t h e  l i q u i d  phase (except  a t  low l i q u i d  

s a t u r a t i o n s ) ,  t h e  mass present  as gas should probably be considered. 

I n  add i t i on ,  a has a much 5 

a The t e r m  y4 = kap, + k B + K B  ind ica tes ,  energy t r a n s f e r .  We 
g 2  7 

f i r s t  wish t o  e x m i n e  t h e  con t r ibu t ion  t o  t h e  term given by K B  
t r a n s f e r  by conduct ion) .  

thermal conduct iv i ty  fo r  rock of 1 0  Btu/hr f t  O F ,  and us ing  t h e  l a r g e r  

value of B ( p ) ,  we f i n d  a dimensionally cons i s t en t  va lue  of K B  

x For a t i g h t  porous medium of low maximum permeabil i ty  

(1 m i l l i d a r c y ) ,  we f i n d  t h a t  t h e  t e r m  kaB, ( p  = 1000 p s i a )  has a dimen- 

s i o n a l l y  cons i s t en t  va lue  of 2 x 

(energy 7 
Considering a r e l a t i v e l y  l a r g e  e f f e c t i v e  

= 2.5 
7 7 

darcy 

Btu 
f t  see p s i a  I+ see  p s i a  1 . 5  x 10 f t  cp 
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Thus, under adverse phys ica l  condi t ions ,  it can be seen t h a t  thermal 

conduction does con t r ibu te  s ign iS ican t ly  t o  energy t r a n s f e r  i n  t h e  

system. For more permeable systems of 0 .1  darcy o r  1 darcy t h e  conduc- 

t i o n  cont r ibu t iou  would be smal le r .  Since 6, and B, a r e  of roughly t h e  

same order  of magnitude, t h e i r  con t r ibu t ion  t o  y4 w i l l  depend on t h e  

r e l a t i v e  va lues  of k and k wh;tch of course depend on t h e  l i q u i d  

s a t u r a t i o n  , . R g 7  

sL A The t e r m  y = k f3 + k f3 i n d i c a t e s  t n e  con t r ibu t ion  t o  v e r t i c a l  5 a 3  g 4  

li’ segregat ion i n  t h e  energy balance.  Since f3 i s  somewhat l a r g e r  than 6 
t h e  k 8 term w i l l  dominate t h e  y value unless  k <<k a t  lower l i q u i d  

s a t u r a t i o n s .  

3 

a 3  5 R g  

A F i n a l l y ,  t h e  term y6 = ( l - @ : ) ( C  p ) (T-TO) + $ ( B 5  + SLB6). This 

term g ives  t h e  energy s to red  i n  t h e  composite rock and f l u i d  system. 

It i s  not immediately poss ib l e  t o  compare rock a,nd f l u i d  cont r ibu t ions  

t o  t h e  va lue  of y6y because such a comparison i s  s e n s i t i v e  t o  t h e  choice 

of datum temperature T However, we a r e  r e a l l y  i n t e r e s t e d  i n  t h e  con- 

t r i b u t i o n  t o  dy6 caused by a change i n  t h e  temperature (or pres su re )  

of t h e  system. If t h e  con t r ibu t ions  t o  - o r  --- from t h e  rock and 

f l u i d s  are emmined a t  var ious  values of pressure  and f o r  r e a l i s t i c  

phys ica l  parameters,  it w i l l  be seen t h a t  much of t h e  hea t  comes from 

t h e  rock.  However, t h e  hea t  from both f l u i d  phases does con t r ibu te  

enough t o  need cons idera t ion .  Only a t  extreme values of l i q u i d  

s a t u r a t i o n  can t h e  con t r ibu t ion  i’rom one of t h e  two f l u i d  phases be 

neglected.  

Pr r 

0’ 

dY6 dY6 

dT (lP 
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