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ABSTRACT 

The o b j e c t i v e s  of t h i s  s t u d y  were: (1) t o  i n v e s t i g a t e  

methods for t h e  i n - s i t u  measurement of water c o n t e n t  i n  porous 

media, expressed  as a volume f r a c t i o n  of t h e  pore s p a c e ;  ( 2 )  

t o  measure water c o n t e n t  i n  t h e  two-phase geothermal  f l u i d  flow 

and d e p l e t i o n  exper iments ,  and ( 3 )  t o  i n v e s t i g a t e  salt depos i-  

t i o n  i n  b o i l i n g  b r i n e  f low systems.  N e i t h e r  t h e  measurement 

of water s a t u r a t i o n  i n  steam-water f low exper iments  nor  sa l t  

d e p o s i t i o n  i n  porous media caused by b o i l i n g  have r e c e i v e d  

e x t e n s i v e  s tudy .  

A review of  a v a i l a b l e  methods for m e a s w i n g  water con- 

t e n t  i n d i c a t e s  t h a t  t h e  c a p a c i t a n c e  probe is t h e  most promising 

t o o l  for measwing  water s a t u r a t i o n  d u r i n g  high t empera tu re  

steam-water flow i n  porous media. The c a p a c i t a n c e  probe  de- 

s igned by Baker- was s e l e c t e d  for i n t e n s i v e  s t u d y .  C a l i b r a t i o n s  

were made i n  twa sand packs of d i f f e r e n t  sand g r a i n  s i z e  f i l l e d  

with a steam-wayer mixture a t  h i g h  t empera tu res .  C a l i b r a t i o n s  

were also made i n  s h o r t  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  

f i l l e d  with air-water mix tu res  a t  room t empera tu re .  The ca l i-  

b r a t i o n  curves  l e d  t o  conc lus ions  t h a t , t h e  c a p a c i t a n c e  probe 

r e a d i n g s  were n e a r l y  independent  of porous media t y p e  and 

o p e r a t i n g  t empera tu re .  

l 

The water s a t u r a t i o n s  i n  s t e a d y  two-phase flow and de- 

p l e t i o n  exper iments  were measured s u c c e s s f u l l y  wi th  t h e  c a p a c i t a n c e  
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probe.  From t h e  mass f low ra te ,  i n l e t  water t empera tu re ,  and 

t empera tu re  p r o f i l e s  f o r  s t e a d y  two-phase flow exper imen t s ,  

t h e  r e l a t i v e  p e r m e a b i l i t i e s  o f  steam and water were c a l c u l a t e d .  

To demonst ra te  t h e  t e c h n i q u e ,  a p o r t i o n  of a steam-water rela-  

t i v e  p e r m e a b i l i t y  cu rve  was c o n s t r u e t e d  u s i n g  t h e  exper imen ta l  

s a t u r a t i o n  d a t a .  

F i n a l l y ,  a p r e l i m i n a r y  b r i n e  d e p l e t i o n  s t u d y  was con- 

ducted  by producing water and steam from a core i n i t i a l l y  

f i l l e d  w i t h  a h o t ,  compressed 1 2 , 0 0 0  ppm sodium c h l o r i d e  s o l u-  

t i o n .  The conc lus ions  reached were: (1) s a l t  d e p o s i t i o n  i n -  

c r e a s e d  w i t h  d i s t a n c e  from t h e  c l o s e d  end of the  c o r e ,  ( 2 )  

t h e  p e r m e a b i l i t y  of  t h e  c o r e  t o  n i t r o g e n  g a s  d i d  n o t  appear  

t o  be a f f e c t e d  by t h e  s a l t  d e p o s i t i o n  for t h e  given sys tem,  

and (3) b r i n e s  of h i g h e r  c o n c e n t r a t i o n  should  be s t u d i e d  i n  

f u t u r e  e x p e r i z e n t s .  
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1. INTRODUCTION 

The d e t e r m i n a t i o n  o f  l i q u i d  s a t u r a t i o n &  i n  l a b o r a t o r y  

mul t iphase  f low experiments  i s  d i s c u s s e d  e x t e n s i v e l y  i n  t h e  

pe t ro leum e n g i n e e r i n g  l i t e r a t u r e .  I n  a d d i t i o n ,  t h e  measure- 

ment of  water c o n t e n t  i n  soil h a s  been d i s c u s s e d  thoroughly  

i n  s o i l  s c i e n c e  ? u b l i c a t i o n s .  The measuring d e v i c e s  r e p o r t e d  

t o  d a t e  are base6 on: r e s i s t i v i t y ,  x- ray a b s o r p t i o n ,  microwave 

a t t e n u a t i o n ,  n s u t r o n  s c a t t e r i n g ,  n u c l e a r  magnet ic  r e sonance ,  

magnet ic  s u s c e p t i b i l i t y ,  r e f r a c t i v e  index ,  or d i e l e c t r i c  con- 

s t a n t  ( c a p a c i t a n c e ) .  However, t h e  problem of measuring water 

s a t u r a t i o n  i n  l a b o r a t o r y  steam-water f low systems t y p i c a l  of 

geothermal  energy recovery  h a s  n o t  r e c e i v e d  e x t e n s i v e  s tudy .  

A l l  methods o f  x a s u r i n g  water c o n t e n t ,  e x c e p t  t h e  c a p a c i t a n c e  

probe , have cons ide red  measurement a t  room tempera tu re .  Con- 1 

s e q u e n t l y ,  e v a l u a t i o n  o f  t h e  f e a s i b i l i t y  of u s i n g  a c a p a c i t a n c e  

probe a t  geot 'neraa l  sys tem tempera tu res  became t h e  most impor tan t  

* 
TFe wo?d " s ~ t u r ~ t i o n "  i s  used i n  t h e  pe t ro leum e n g i n e e r i n g  s e n s e  
t o  xean v o l m e  f r a c t i o n  of  t h e  pore  space  occupied by a s p e c i f i c  
f l u i d  Fhase- - l iquid  water, i n  t h i s  case. U n f o r t u n a t e l y ,  " s a t u-  
r a t i o n "  may a l s o  r e f e r  t o  " s a t u r a t e d  s o l u t i o n s  ( b r i n e s )  , I '  and 
t o  " s a t u r a t e d  water and steam," i n  t h e  thermodynamic s e n s e  as 
phases  i n  phase e q u i l i b r i u m  a long  a vapor p r e s s u r e  curve .  All 
t h r e e  usages are p o s s i b l e  i n  t h i s  r e p o r t .  An a t t e m p t  w i l l  be 
made t o  i n s u r e  a minimum o f  confus ion  i n  the use  of t h e  term 
" s a t u r a t i o n "  i n  t h i s  r e p o r t .  
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o b j e c t i v e  of t h i s  s t u d y .  No q u a n t i t a t i v e  d a t a  on use of a 

c a p a c i t a n c e  probe for steam systems was a v a i l a b l e .  

After assembling a c a p a c i t a n c e  probe ,  t h e  probe was 

c a l i b r a t e d  i n  two t o  th ree- inch- long  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  f i l l e d  wi th  an  air-water mixture a t  room t e m-  

p e r a t u r e .  Next,  t h e  probe was c a l i b r a t e d  i n  two sand packs 

f i l l e d  w i t h  a steam-water mixture  a t  t empera tu res  va ry ing  from 

300  t o  31OoF. Thn, probe was t h e n  used t o  measure water s a t u -  

r a t i o n  i n  s t e a d y  two-phase f low and d e p l e t i o n  exper iments .  

With t h e  e x c e p t i o n  of t h e  room tempera tu re  c a l i b r a t i o n ,  a l l .  

exper iments  were performed wi th  a bench scale l i n e a r  f low 

model des igned and c o n s t r u c t e d  by A r i h a r a  2 . 
F i n a l l y ,  i n  o r d e r  t o  i n v e s t i g a t e  sa l t  d e p o s i t i o n  i n  

porous media and i t s  e f fec t  on r e s e r v o i r  p e r m e a b i l i t y ,  a p r e-  

l i m i n a r y  e x p e r i n e n t  was performed. Water and steam were pro-  

duced from a 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  i n i t i a l l y  

c o n t a i n i n g  a ho t ,  compressed b r i n e  s o l u t i o n  of 1 2 , 0 0 0  ppm 

sodium c h l o r i d e .  The d e t a i l s  and r e s u l t s  of a l l  exper iments  

are  p r e s e n t e d  i n  t h e  fo l lowing .  



2 .  LITERATURE SURVEY 

A review of nethods a v a i l a b l e  for measuring l i q u i d  

c o n t e n t  ( s a t u r a t i o n )  i n  porous media i n d i c a t e d  t h a t  t h e  c a p a c i -  

t a n c e  probe method was t h e  bes t  c a n d i d a t e .  The c a p a c i t a n c e  

probe i s  easy t o  u s e  i n  a me ta l  c o r e  h o l d e r  a t  h i g h  tempera-  

t u r e s .  The merits and l i m i t a t i o n s  of each method c o n s i d e r e d  

i s  d i s c u s s e d  i n  t h e  fo l lowing .  

Once the d e c i s i o n  was made t o  use  t h e  c a p a c i t a n c e  

probe ,  t h e  d i e l e c - t r i c  p r o p e r t i e s  of t h e  media su r round ing  t h e  

probe were collected. 

The l i t e z a t u r e  survey was completed by rev iewing  t h e  

t h e o r e t i c a l  and exper imenta l  in fo rmat ion  a v a i l a b l e  on two-phase 

b o i l i n g  f low i n  porous media. 

2-1 S a t u r a t i o n  Yeasurement 

" S a t u r a t i o n"  i s  d e f i n e d  h e r e  i n  t h e  pe t ro leum s e n s e  as 

f r a c t i o n  o f  tne  Tore volume occupied by l i q u i d  or gas .  The 

t e c h n i q u e s  whllch have been used t o  measure l i q u i d  s a t u r a t i o n  

i n  t h e  l a b o r a t o r y  i n c l u d e  t h e  u s e  o f :  (1) elect r ical  resis- 

t i v i t y  or c o n d u c t i v i t y ,  ( 2  1 X-ray a b s o r p t i o n ,  (3) n e u t r o n  

s c a t t e r i n g ,  ( 4  1 microwave a t t e n u a t i o n ,  ( 5  1 n u c l e a r  magnet ic  

r e sonance ,  ( 6 )  magnetic s u s c e p t i b i l i t y ,  ( 7 )  r e f r a c t i v e  index ,  

and ( 8 )  d i e l e c t r i c  c o n s t a n t  ( c a p a c i t a n c e ) .  Much of t h e  t h e o-  

retical background, i n s t r u m e n t a t i o n ,  u s e s ,  and d i s a d v a n t a g e s  
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of  these t echn iques  have been d e s c r i b e d  by Arihara2 and 

Denl inger  . For t h i s  r e a s o n ,  t h e  fol. lowing d i s c u s s i o n  w i l l  

c o n c e n t r a t e  on the l i m i t a t i o n s  and merits of t h e s e  methods. 

3 

2- 1- 1 R e s i s t i v . i t y  (Conduc t iv i ty )  Method. Muskat, e? al. 4 , 
and B o t s e t  used approp-iat .ely-spaced p iezometer  r i n g s  f o r  

e l ec t r i ca l  c o n d u c t i v i t y  ( r e s i s t i v i t y )  neasurements .  The 

l i q n i d  or gas  c a n t e n t  was found by u s i n g  a conduc t ive  l i q u i d  

with a n  A . C .  b r i d g e  t o  measure t h e  r e s i s t a n c e  o f  t h e  medium 

between two r i n g s .  Conduc t iv i ty  decrleases as f ree  gas  b u b b l e s  

form i n  t h e  poroxs media. The r e l a t i o n s h i p  between s a t u r a t i o n  

and c o n d u c t i v i t y  was determined by c a l i b r a t i o n  tes ts .  The 

measured c o n d u c t i v i t y  was normalized w i t h  r e s p e c t  t o  t h e  o r i -  

g i n a l  c o n d u c t i v i t y  of t h e  sand s a t u r a t e d  w i t h  t h e  conduc t ive  

l i q u i d .  The c a l i 3 r a t i o n  curve  so found w a s  ob ta ined  for three  

d F f f e r e n t  unconso l ida ted  sands ,  and f'or a c o n s o l i d a t e d  Berea 

sands tone .  They found t h a t  t h e  c a l i b r a t i o n  curve  w a s  n e a r l y  

independent  o f  the  porous medium. L e v e r e t t "  also found 

t h a t  t h e  coF-Suct ivi ty-saturat ion r e l a t i o n s h i p  determined for 

s e v e r a l  d i f f - e r e n t  porous media f e l l  s a t i s f a c t o r i l y  on t h e  same 

5 
- 

curve  . 
The r e s i s t i v i t y  method can  b e  used t o  measure gas  o r  

o i l  s a t u r a t i o n  i n  gas-water o r  o i l - w a t e r  flow exper iments  b y  

u s i n g  conduc t ive  water. Th i s  method i s  no t  u s e f u l  f o r  b o i l i n g  

steam-water f low experiments .  The main drawback i s  t h a t  t he  

electr ical  c o n d u c t i v i t y  o f  t h e  l i q u i d  phase  w i l l  change as 

t h e  water s tar ts  b o i l i n g .  Consequently,  t h e  change o f  vapor 

s a t u r a t i o n  w i l l  t e n d  t o  be masked by chang ing  wa te r  c o n d u c t i v i t y .  
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2 -1 -2 X-Ray Absorpt ion  Method. Boyer, e t  a l .  , Morgan, et 

- a l .  *, and L a i r d ,  e t  a l .  , measured th .e  a b s o r p t i o n  of an  X-ray 

beam b y  t h e  c o r e  and i t s  l i q u i d  c o n t e n t  t o  de te rmine  l i q u i d  

s a t u r a t i o n .  The X-ray method can be used t o  d e t e r m i n e  the  

s a t u r a t i o n  o f  o i l - w a t e r  and gas-water sys tems when a n  X-ray 

absorb ing  t racer  i s  added t o  t h e  water. An X-ray beam i s  

s t r o n g l y  absorbed and s c a t t e r e d  by a s tee l  shel l .  T h e r e f o r e ,  

t h e  X-ray method i s  n o t  u s e f u l  f o r  measuring l i q u i d  s a t u r a t i o n  

i n  h igh- pressure  and t e m p e r a t u r e  exper iments  because  a s tee l  

c o r e  h o l d e r  i s  r e q u i r e d .  

7 - 

2- 1-3 Neut ron- Scat te r ing  Eethod. Brunner,  e t  al.", used 

neu t ron  s c a t t e r i n g  for measuring l i q u i d  s a t u r a t i o n  i n  porous 

media. Neutr0F.s are  uncharged p a r t i c l e s  w i t h  a mass n e a r l y  

e q u i v a l e n t  t o  s, hydrogen nucleus .  Because a fas t  n e u t r o n  i s  

s c a t t e r e d  by a hydrogen n u c l e u s ,  it l o s e s  a b o u t  h a l f  of  i t s  

k i n e t i c  energy i n  a n  average  c o l l i s i o n .  T h e r e f o r e ,  t h e  number 

of  slow neirtrons e x i t i n g  a c o r e  i r r a d i a t e d  b y  fast  n e u t r o n s  

i n d i c a t e s  t h e  q u a n t i t y  of hydrogen i n  t h e  core. I n  o t h e r  words,  

t h e  n e u t m n  s c a T t e r i n g  method measures water s a t u r a t i o n  by 

6 e t e c t i n g  tF.e c o n t e n t  o f  hydrogen atoms. An a d d i t i o n a l  

; n ; x t y  of zsxtyons i s  t h e i r  h igh  p e n e t r a t i o n  c a p a b i l i t y  with 

r e s p e c t  t o  s t e e l .  Because t h e  q u a n t i t y  of  hydrogen atoms i n  

t h e  mix tu re  depends on t h e  mass of w a t e r ,  t h i s  method a p p e a r s  

u s e f u l  f o r  measuring t h e  water c o n t e n t  i n  steam-water f low 

exper iments .  However, complex i n s t r u m e n t a t i o n ,  s h i e l d i n g ,  and 

o p e r a t i n g  procedures  make the  method d i f f i c u l t .  Visval ingam, 

e t  al.", p resen ted  a comprehensive :review of u s i n g  t h e  neut ron-  

s c a t t e r i n g  method f o r  measuring s o i l  m o i s t u r e  c o n t e n t .  Their 
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review included. t h e  t h e o r y  of neu t ron  s c a t t e r i n g ,  f i e l d  methods, 

c a l i b r a t i o n ,  and f a c t o r s  i n f l u e n c i n g  t h e  z e u t r o n  c o u n t .  

2- 1- 4 Microwave At tenud t ion .  Parson12 a p p l i e d  microwave 

a t t e n u a t i o n  f o r  measuring s a t u r a t i o n s  i n  l a b o r a t o r y  f l o o d i n g  

exce r imen t s .  Microwaves are e lec t romagne t i c  waves wi th  a wave- 

l e n g t h  of 1 mm t o  1 m. The p r i n c i p l e  of  t h i s  method i s  based 

on t h e  a b s o r p t i o n  of microwave energy by  h igh  d i e l e c t r i c  con- 

s t a t  materials, such as water. The m a i n  advantages  of t h i s  

Eethod are: (1) no p h y s i c a l  c o n t a c t  w i t h  t h e  t e s t  sample ,  and 

(2) a n e a r l y  l inear  c o r r e l a t i o n  between probe s i g n a l  and water 

s a t u r a t i o n .  The main d i sadvan tage  i s  t h a t  t h e  microwave a t t e n u-  

a t i o n  probe  r e q u i r e s  a n o n m e t a l l i c  c o r e  h o l d e r .  

2- 1- 5 Nuclear  Yagnet ic  Resonance. Saraf, e t  a l . l 3 ,  employed 

t h e  Nuclear  Kagnet ic  Resonance (NMR) method t o  measure o i l  

s a t u r a t i o n  i n  two-phase and three- phase  r e l a t i v e  p e r m e a b i l i t y  

measurements. They used kerosene  as t h e  o i l  phase ,  heavy 

water ( D 2 0 )  as t h e  aqueous phase ,  and n i t r o g e n  as t h e  gas  phase.  

The i n t e n s i t y  of t h e  NMR s i g n a l  i s  p r o p o r t i o n a l  t o  the  concen- 

t r a t i o n  of 5ydrogen n u c l e i  i n  t h e  sample .  The i n t e n s i t y  also 

c b n g e s  w i t h  cha rg ing  e l e c t r o l y t e  c o n c e n t r a t i o n .  Th i s  method 

a l s o  r e q u i r e s  a non-magnetic c o r e  h o l d e r ,  and t h e  accuracy  of 

t h e  s a t u r a t i o n  measurements d e c r e a s e s  as s o l i d  material l each-  

i n g  i n c r e a s e s  a t  h igh  t empera tu res .  The NMR method becomes 

impractical a t  h i g h  p r e s s u r e s  and t empera tu res .  

2- 1- 6 Magnetic S u s c e p t i b i l i t y .  Whalenl’ developed a magnetic 

s u s c e p t i b i l i t y  method for measuring l i q u i d  s a t u r a t i o n  i n  porous 

media. The s a t u r a t i o n  of  t h e  l i q u i d  having g r e a t e r  magnetic 
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s u s c e p t i b i l i t y  i s  determined by a i d  of induced v o l t a g e  i n  

t h e  secondary of a t r a n s f o r m e r .  The t r a n s f o r m e r  i n c l u d e s  t h e  

co re  and i t s  c o n t a i n i n g  f l u i d  as p a r t  of  t h e  magnet ic  flux 

p a t h .  If t h e  magnetic s u s c e p t j - b i l i t y  of  the  f l u i d s  con ta ined  

i n  t he  c o r e  i s  weak, some magnetic t racer  should b e  added t o  

one of  t h e  f l u i d s .  The magnetic s u s c e p t i b i l i t y  method a l s o  

r e q u i r e s  a nonmagnetic c o r e  h o l d e r .  A change i n  the  concen- 

t r a t i o n  of magnetic  t r a c e r  due t o  b o i l i n g  could  mask a change 

i n  l i q u i d  s a t u r a t i o n .  For these r e a s o n s ,  t h i s  method does  not  

appear  u s e f u l  f o r  h igh  t empera tu res  and b o i l i n g  flow experiments .  

2- 1- 7 R e f r a c t i - e  Index Method. McDonald15 used t h e  r e f r a c t i v e  

index method t c  monitor water s a t u r a t i o n  whi le  s t u d y i n g  b o i l i n g  

f low through porous media. The water s a t u r a t i o n  was determined 

by a c a l i b r a t e d  meter c o n s i s t i n g  of  a l i g h t  on one s i d e  of  a 

flow condu i t  packed wi th  s p h e r i c a l  g l a s s  beads.  A photodiode  

was p laced  or, t he  o t h e r  s i d e  o f  t h e  condu i t .  The i n t e n s i t y  of 

l i g h t  t rasrnit ted through t h e  t r a n s l u c e n t  media and d e t e c t e d  

by t he  d iode  was a f u n c t i o n  o f  t h e  number of bubble i n t e r f a c e s  

encountered by t h e  l i g h t .  Because the index of  r e f r a c t i o n  for 

n i t r o g e n  antl water vapor i s  a lmost  i d e n t i c a l ,  n i t r o g e n  was used 

as water vapor t o  e l i m i n a t e  t h e  prob:Lem of  condensa t ion  d u r i n g  

c a l i b r a t i o n .  This  method can  not  be  used t o  measure l i q u i d  

s a t u r a t i o n  i n  n a t u r a l  sand packs or c o n s o l i d a t e d  sands tones .  

Th i s  i s  due t o  a n i s o t r o p i c  o p t i c a l  p r o p e r t i e s  of  q u a r t z ,  t h e  

c h i e f  c o n s t i t u e n t  of a sand g r a i n .  Also, t h e  clay c o n t a i n e d  - 

i n  t h e  sands tone  adds a n o t h e r  complexi ty.  
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2-1-8 Dielectric Constant  (Capaci tance)  Method. The d i e l e c -  

t r i c  c o n s t a n t  o f  a material i s  i t s  s p e c i f i c  i n d u c t i v e  c a p a c i t y .  

It  i s  the r a t i o  o f  t h e  c a p a c i t a n c e  of a c a p a c i t o r  c o n t a i n i n g  

t h e  material between the  p l a t e s  t o  t h e  c a p a c i t y  when a i r  or 

a vecuum i s  used as t h e  d i e l e c t r i c .  

Water has  a h i g h  d ie lect r ic  c o n s t a n t  of about  78  at  25OC. 

Most gases  have low d i e l e c t r i c  c o n s t a n t s  of about  u n i t y ,  and 

are c o n s t a n t  c v e r  wide t empera tu re  r a n g e s .  The c a p a c i t a n c e  

nethod f o r  measuring s a t u r a t i o n  i n  porous media depends on t h e  

d i f f e r e n c e  ir! d i e l e c t r i c  c o n s t a n t s  between l i q u i d s  and g a s e s .  

A s tudy  o f  t h e  c a p a c i t a n c e  o f  p l a s t e r  of  p a r i s  b locks  

as a n  i n d i c a t o r  of  mois tu re  c o n t e n t  w a s  r e p o r t e d  by Anderson, 

e t  al. , i n  1 9 4 2 .  They found t h a t  t h e  c a p a c i t a n c e  of  t h e  

blocks decreased  w i t h  a d e c r e a s e  i n  m o i s t u r e  c o n t e n t .  There 

was no time l z g  i n  c a p a c i t a n c e  re sponse  t o  changes i n  mois tu re  

c o n t e n t .  I n  1 9 4 3 ,  Anderson17 developed a n  e lec t r i ca l  conden- 

ser ( c a p a c i t o r )  o r  "probe" t o  de termine  s o i l  mois tu re  c o n t e n t  

i n  f i e l d  surveys. The probe was a metal c y l i n d e r  embedded i n  

a c i r c u l a r  i c s u l a t i n g  r o d .  A metal r o d ,  s e r v i n g  as t h e  o t h e r  

p l a t e  o f  t h e  condenser ,  passed th rough  t h e  c e n t e r  of  t h e  

i n s u l a t i n g  rcd. The c a p a c i t a n c e  w a s  measured w i t h  an A . C .  

Wheatstone bridge at a f requency of 1 0 0 0  HZ.  Anderson found 

t h a t  t h e  shape o f  t h e  c u r v e  showing t .he r e l a t i o n  between c a p a c i-  

t a n c e  ( p . f .  1 of t h e  probe and mois ture  c o n t e n t  ( i n  gms of 

water  p e r  C.C.  o f  s o i l )  over  a range  from 0 . 0 5  t o  1 . 0  grams 

of water pe r  C .C .  o f  s o i l  d i d  n o t  depend s i g n i f i c a n t l y  on s o i l  

t e x t u r e  when t h e  "permanent w i l t i n g  percentage"  was t a k e n  as 

16 
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t h e  o r i g i n .  The "permanent w i l t i n g  pe rcen tage"  of a s o i l  

i s  the  mois tu re  c o n t e n t  above which t h e  s u r f a c e  t e n s i o n  of 

wa te r  p l a y s  t h e  dominant Fole i n  h o l d i n g  t he  water. 

I n  1 9 4 5 ,  Wil l ihan18 reviewed t h e  d i e l e c t r i c  method 

f o r  s o i l  m o i s t u r e  d e t e r m i n a t i o n .  Ee p o i n t e d  o u t  t h a t  t h e  

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

s h i e l d i n g  of t h e  c a p a c i t y  b r i d g e  =e impor tan t  t o  t h i s  method. 

Later i n  1 9 6 0 ,  Leach" d i s c u s s e d  the  impor tan t  factors affect-  

ing t h e  d e s i g n  of a s i n g l e- e l e c t r o d e  c a p a c i t o r  for measur ing  

t h e  mois tu re  c o n t e n t  of t e x t i l e  package.s. These i m p o r t a n t  

f a c t o r s  a r e :  (1) t h e  e f fec t  of  h e i g h t  above ground, (2) the  

e f fec t  of t h e  l e n g t h  and r a d i u s  of t h e  e l e c t r o d e ,  ( 3 )  t h e  vol-  

ume o f  t h e  d F e l e c t r i c  sur rounding th? probe ,  ( 4 )  d e n s i t y  of 

t h e  d i e l e c t r i c ,  and ( 5 )  t h e  c o n d w t i v i t y  o f  t h e  d i e l e c t r i c .  

Thomas2' des igned a probe w i t h  a n  e l e c t r o d e  having  a 

l a r g e  f r i n g e  c s F a c i t a n c e  for i n - s i t u  measurement of  m o i s t u r e  

c o n t e n t  i n  soil, and similar subs tances .  The probe  was con-  

s t r u c t e d  from a 1 i n .  square  i n s u l a t i n g  rod, wedge-shaped a t  

F t s  lower end. S t r i p s  of  s t a i n l e s s  s t ee l  w e r e  a t t a c h e d  by 

s2Tews t o  t h e  wsdge s i d e  o f  t h e  rod  t o  form a co- planar  con- 

d e n s e r .  Thomas a l s o  p resen ted  t h e  e lec t r i c  f i e l d  map of  t h i s  

probe. According t o  t h e  f i e l d  map of the e l e c t r o d e  w i t h  a 

1 . 6 8  i n .  mean l e n g t h ,  t h e  media su r round ing  t h e  probe ,  w i t h i n  

a r a d i u s  o f  1 . 2 5  i n . ,  c o n t r i b u t e d  7 5  p e r c e n t  o f  t h e  measured 

c a p a c i t a n c e .  I n  o t h e r  words, t h e  probe c o u l d  "see" a t  least  

1 . 2 5  i n .  o u t s i d e  of t h e  probe.  From t h e  exper imen ta l  r e s u l t s ,  

he found t h a t  t h e  r e l a t i o n s h i p  between m o i s t u r e  c o n t e n t  ( v o l -  

ume o f  water i n  1 C . C .  o f  mois t  s o i l )  and c a p a c i t a n c e  change  
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(air  t o  s o i l  i n  p . f .  d i d  no t  depend a p p r e c i a b l y  on  t h e  t y p e  

of t h e  s o i l .  For mois tu re  c o n t e n t  i n  t h e  r a n g e  of 0 t o  lo%, 

t he  r e l a t i o n s h i p  was l i n e a r .  For m o i s t u r e  c o n t e n t  i n  t h e  

r a n g e  of 4 . 5 %  t o  4 5 % ,  t h e  r e l a t i o n s h i p  was l i n e a r  on a semi- 

l o g a i t h m i c  graph.  

Gregory and Mattar*’ described t h e  development of a n  

inaxpens ive  c a p a c i t a n c e  s e n s o r  for con t inuous  moni to r ing  of 

t he  volume f r a c t i o n  of a two-phase ( n o n e l e c t r o l y t e )  mix tu re  

 lowing i n  p i p e s .  They a l s o  d i s c u s s e d  t h e  l i m i t a t i o n s  of 

some e x i s t i n g  methods f o r  s a t u r a t i o n  measurement. For example, 

t h e y  i n d i c a t e d  t h a t  t h e  c a p a c i t a n c e  method shou ld  no t  work 

i f  a n  e l ec t r i ca l ly  conduc t ive  f l u i d  forms a con t inuous  phase .  

The s e n s o r  which t h e y  recommended w a s  a c a p a c i t o r  wi th  a 

cont inuous  h e l i x  p a i r  e x a c t l y  f a c i n g  each o t h e r .  Each elec- 

t r o d e  had. arr i n t e g r a l  number of s p i r a l s  t o  e l i m i n a t e  l i s u i d  

d i s t r i b u t i o n  e f f e c t s .  Typ ica l  r e s u l t s  of s ta t ic  c a l i b r a t i o n  

t es t s  showed t h a t  t h e  r e l a t i o n s h i p  between s e n s o r  vapor- l iqu id  

neter r e a d k g  and t h e  a c t u a l  pe rcen t  volume of l i q u i d  was 

1lnea.r i n  the  r a n g e  from 0 t o  1 0 0 %  l i q u i d  s a t u r a t i o n .  

t 

Baker developed a radio- frequency c a p a c i t a n c e  probe  

t o  monitor  water s a t u r a t i o n  i n  t h e  steam zone d u r i n g  steam- 

f l o o d i n g  ex2er iments .  H e  found that the  probe  was s e n s i t i v e  

t o  changes i n  water s a t u r a t i o n .  H i s  d a t a  showed good agree-  

ment between the  steam s a t u r a t i o n  f r o n t  and t he  steam tempera-  

t u r e  f r o n t .  Baker i n d i c a t e d  that s a t i s f a c t o r y  c a l i b r a t i o n  a t  

t h e  steam tempera tu re  had n o t  been achieved.  N e v e r t h e l e s s ,  

t h i s  probe seems t o  be. t h e  most promising d e v i c e  €or measuring 

1 
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water s a t u r a t i o n  i n  steam-water b o i l . i p g  exper iments .  The 

probe i s  n o t  l i m i t e d  by t h e  use  of a metal core h o l d e r  or by 

h i g h  t empera tu re  and p r e s s u r e  c o n d i t i o n s .  The 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 i s  probe as a d e v i c e  for measuring l i q u i d  

s a t u r a t i o n  i n  l a b o r a t o r y  f low experilnents w a s  c a r r i e d  o u t  i n  

e a r l y  phases of t h e  s u b j e c t  s t M y  and has  been r e p o r t e d  by 

g e n l i n g e r  . The probe 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  con- 

s t a n t  between riaterials and phases  sur rounding it. A d e t a i l e d  

d e s c r i p t i o n  of  the i n s t r u m e n t a t i o n  and o p e r a t i n g  p r i . n c i p l e s  

of  t h i s  c a p a c i t a n c e  probe i s  p resen ted  i n  "Experimental  

Appara tus ,"  S e c t i o n  4 of t h i s  r e p o r t .  

3 

Based on t h e  unique d i e l e c t r i c  p r o p e r t i e s  of  water, 

Meadar, e t  al. 2 3 ,  d e s c r i b e d  an  open h o l e  d i e l e c t r i c  logg ing  

method f o r  e s t iF .a t ing  format ion  water  s a t u r a t i o n  w i t h  unknown 

s a l i n i t y .  T'rL,sy r e p o r t e d  t h a t  t h i s  m.ethod w a s  independent  of 

water s a l i n i t y  for e s t i m a t i n g  format ion  water c o n t e n t .  Both 

l a b o r a t o r y  znd f i e l d  t e s t  r e s u l t s  were r e p o r t e d .  The sonde 

of t h i s  logg ing  t o o l  c o n s i s t s  of four main p a r t s :  a t r a n s -  

n i t t e r  power aaurce  ( b a t t e r y ) ,  two t : r a n s m i t t e r s ,  two r e c e i v e r s ,  

and r e c e i v e r  e l e c t r o n i c s .  Two r e c e i v e r s  w i t h  a mul t ip le- twin  

c o i l  wound on a f i b e r g l a s s  mandrel o p e r a t e  a t  f r e q u e n c i e s  of 

1 6  and 30  XLZ. On t h e  t r a n s m i t t e r  t o p ,  two s i n g l e- t u r n  re-  

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

All c o i l s  i n  t h e  t r a n s m i t t e r  and r e c e i v e r  are e l e c t r o s t a t i c a l l y  

s h i e l d e d .  Temperature compensation o f  the  downhole e l e c t r o n i c s  

was made f o r  o p e r a t i o n  t o  about  300°F. 
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I n  view of t h e  preceding,  t h e  Baker c a p a c i t a n c e  probe 

a p p e a r s  most a d a p t a b l e  for determining  water s a t u r a t i o n  i n  

h igh- tempera ture  steam-water f low experiments .  

2- 2 ' Dielec.tr.Cc Pr 'oper t i e s  &rid Co'ns't'ants 

I n  t h e  f o l l o w i n g ,  t h e  d i e l e c t r i c  p r o p e r t i e s  of water, 

s tem,  and r o c k s  w i l l  be p r e s e n t e d .  

2- 2- 1  Dielectr ic  Constants  of Water and Steam. Aker lof  and 

Oshry measured t h e  d i e l e c t r i c  c o n s t a n t  of water i n  e q u i l i -  

brium w i t h  i t s  vapor over  t empera tu res  r a n g i n g  from t h e  boil- 

i ng  p o i n t  (100OC) t o  t h e  c r i t i c a l  p o i n t  ( 3 7 3 O C ) .  The follow-  

24 

i n g  equa t ion  ns-tches t h e i r  d a t a :  

= 5 3 2 1  T-' + 2 3 3 . 7 6  - 0 . 9 2 9 7  T 

f 0 . 1 4 1 7  x T 2  - 0 . 8 2 9 2  x T 3  (2-1) 

where T i s  a b s o l u t e  t empera tu re  i n  K .  

The c a l c u l a t e d  v a l u e s  for t h e  d i e l e c t r i c  c o n s t a n t  of water a t  

h i g h  t empera tu res  from 1 0 0  C t o  240 C are shown i n  Fig.  2- 1. 

0 

0 0 

Warrenz5 i n d i c a t e d  t h a t  the  e f f e c t  of  p r e s s u r e  on d i -  

e l e c t r i c  c o n s t a n t  i s  r e l a t i v e l y  small. The d ie lec t r ic  con- 

stant of water changes less t h a n  0 . 5 %  for each 1 0 0  p s i  change 

i n  p r e s s u r e .  

The d i e l e c t r i c  c o n s t a n t  of a s a l i n e  solution i n c r e a s e s  

wi th  t h e  s a l i n i t y .  The dielectr ic  c o n s t a n t  of a b i n a r y  e l e c t r o -  

l y t e  can b e  c a l c u l a t e d  by t h e  Falkenhagen formula . 2 6 .  

E = E + 3.79 J;; ( 2 - 2 )  
0 
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FIGURE 2- 1 .  COXPUTTED VALUES FOR D I E L E C T R I C  C O N S T A N T  
OF WATER VS. TENPE'RATURE (REF.  2 4 )  
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where E = die lec t r ic  c o n s t a n t  of  t h e  e l e c t r o l y t e  

€0 
= die lec t r ic  c o n s t a n t  of pure  water 

n = c o n c e n t r a t i o n  of  t h e  e l e c t r o l y t e ,  moles p er liter 

According t o  t h i s  formula ,  the. i n c r e a s e  i n  d i e l e c t r i c  c o n s t a n t  

f o r  z low c o n c e n t r a t i o n  e l e c t r o l y t e  i s  ve ry  small. For  example, 

t h e  d i e l e c t r i c  cons t an t  of water a t  25OC i n c r e a s e s  2 %  w i th  

12,000 ppm NzCL i n  s o l u t i o n .  

The d i e l e c t r i c  c o n s t a n t s  of steam and air  are n e a r l y  

i d e n t i c a l  over  a wide t empera tu re  range .  S team has a d i e l e c t r i c  

c o n s t a n t  of 1 . 0 1 2 6  and 1 . 0 0 7 8 5 ,  a t  100°C and 14OoC, r e spec -  

t i v e l y  . 2 7  

Thus it appears  t h a t  t h e  d i e l e c t r i c  p r o p e r t i e s  of steam- 

water  and s+ea?.-brine mix tures  a r e  n e a r l y  i d e a l  f o r  t he  pur-  

poses  of  t h i s  study. 

2- 2- 2 D i e l e c t z i z  Constants  of Rocks. The d i e l e c t r i c  c o n s t a n t s  

of s e v e r a l  dry  rocks  a r e  shown i n  Table 2-1. The d a t a  show 

t h z t  t h e  d i e l e c t r i c  cons t an t  of d r y  rock  depends on t h e  t y p e  

of rock.  For  d r y  sands tone ,  t h e  d i e l e c t r i c  c o n s t a n t  r a n g e s  

f n o m 4 . 7 t o  5 .9  a t  a measuring f requency of 10 MHz, 

T’ne d i e l e c t r i c  c o n s t a n t  of some water- bear ing  porous 

n e a i a  i s  shown i n  Table 2-2. The d i e l e c t r i c  c o n s t a n t s  of a l l  

porous media t a S u l a t e d  i n c r e a s e  w i th  water c o n t e n t .  Keller 

and L i c a s t r o Z 9  a l s o  found a h i g h  d i e l e c t r i c  c o n s t a n t  a s s o c i a t e d  

wi th  h igh water  con ten t  i n  2 7  c o r e s  f rom t h e  Morrison f o r m a t i o n ,  

Colorado. The d i e l e c t r i c  c o n s t a n t  ranged from 4 t o  1 0 6  f o r  

f r e q u e n c i e s  between 50  Hz and 30 MHz. 
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Table  2-1. Dielectric Constants  o f  Dry Rocks and S o i l s  28  

1. Sedimentary Rocks 

3olomite  
K a o l i n i t e  
Lowvil le  Lines tone  
C a r l i n  Lines tone  
hnkose Lines tone  
Graywacke Sandstone 
Q u a r t z i t e  Sandstone 
Sands tone ,  Korr i son  

-7 t ormat ion, iliayer Content 
0 . 7 %  

2. S o i l s  

Sandy S o i l  
Loamy Soil 
Clayey S o i l  

3 .  Igneous 20cl.c~ 

Awortho s i t e  
Diabase 
Diabase 

Source 

Pennsylvania  

Pennsylvania  
Pennsylvania  

N e w  J e r s e y  
Pennsylvania 
Pennsylvania  

Georgia 

Colorado 

Dielectr ic  
Constant  

1 MHz 1 0  MHz 

7.90  7.72 
4 . 5 5  4 .49  
8 .69  8.56 
9 .40  9 .22  
5 .34  5 . 3 1  
6 .12  5 .87  
4. a a  4 .72  

5 .55  5.20 

2 .59  2 - 5 6  
2 .53  2 .43  
2 . 5 6  2.44 

Minnesota 9 .93  9.03 
USSR 9 .09  8.50 

New Jersey -.  8.31 7.76  
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T a b l e  2- 2 .  T h e  E f f e c t  of Water Content  on t h e  Dielectric 
Cons tan t s  of  S e d i m e n t a r y  Rock and S o i l 2 *  

1. S a n d s t o n e ,  d r y  

1.5% w a t e r $ ;  
2 . 8 %  w a t e r  
4 . 2 %  water 

2 .  Packed Sand 

d r y  
1 . 5 %  w a t e r  
3 . O %  water 
4 . 5 %  watsr 
6 . 0 %  water 

3 .  S o i l  (Dacca, I n d i a )  

7 . 7 8 %  water 
1 9 . 9 %  water 
2 5 . 8 %  waier 
3 2  .l% water 
3 6 . 8 %  wate- 
41.4% ~ a t e r  

Dielectric C o n s t a n t  a t  
Fadio Frequencies  

4 . 6 9- 4 . 9 9  

7.40  
1 2 . 1  
10.9  

2 . 9 3  
5.0 

11 .0  
39 .l 

105. 

3 . 9 5  
4 .75  
5 . 2 3  
7 .93 

21.9 
2 9 . 4  

3- I -dater  percsntages w e r e  not  specified i n  R e f .  28 .  They may 
52 percect  by w e i g h t .  
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No d a t a  for t h e  d i e l e c t r i c  c o n s t a n t s  f o r  rocks  c o n t a i n i n g  

water  o f  h i g h  s a l i n i t y  were found i n  t h e  l i t e r a t u r e .  However, it 

h a s  been r e p o r t e d  t h a t  the e f f e c t  of  water s a l i n i t y  on t h e  

d ie lec t r i c  c o n s t a n t  of  r o c k  c o n t a i n i n g  a b r i n e  w i t h  l e s s  t h a n  

5 , 3 0 9  ppm sa l t  c a n  be neg lec ted  . 2 7  

2- 3 Stea'dy,' Tw'o'-FDhase, B o i l i n g  Flow 

The mechanics and governing d i f f e r e n t i a l  e q u a t i o n s  of 

mass and h e a t  t r a n s f e r  i n  c a p i l l a r y - l i k e  porous media have 

been d e s c r i b e d  by Luikov3'. A d e t a i l e d  d i s c u s s i o n  o f  t h i s  

model can b e  f o m d  i n  Reference 2 .  

U n t i l  r e c e n t l y ,  on ly  a few exper iments  appear  t o  have 

been r u n  t o  s t u d y  t h e  thermodynamic and f l u i d  dynamic c h a r a c t e r  

o f  s ingle-conponent ,  s t e a d y ,  two-phase, b o i l i n g  flow i n  sand- 

s t o n e  t o  o u r  kmwledge.  The s t u d i e s  a re  t h o s e  of  Miller 3 1  

and Arihara ' .  i n  1 9 5 1 ,  Miller3' i n j e c t e d .  l i q u i d  propane i n  

a l i n e a r  saxl pack under n e a r l y  a d i a b a t i c  c o n d i t i o n s .  A l -  

though t h e  thermodynamic p r o p e r t i e s  of  propane a re  d i f f e r e n t  

frorn w a t e r ,  t h e  governing f low e q u a t i o n  d e r i v e d  by Miller can 

be  a p p l i e d  d i r e c t l y  t o  t h e  p r e s e n t  steam-water f low exper iments .  

L'nder a d i a b a t i c  and s t e a d y  f low c o n d i t i o n s ,  t h e  f low p r o c e s s  

i s  n e a r l y  i s e n t h a l p i c .  Thus, t h e  e n t h a l p y  of t h e  vapor- l iqu id  

mix tu re  p a s s i n g  any t r a n s v e r s e  s e c t i o n  i n  t h e  sand pack p e r  

u n i t  time can  be w r i t t e n  as: 

7 

w h  + .R ;B, 
w h = wh = c o n s t a n t  

g g  
( 2 - 3 )  
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where wI1 = weight r a t e  o f  l i q u i d  

w = weight rate of vapor 
g 

w = t o t a l  weight  ra te  o f  vapor and l i q u i d  mix tu re  

hR = e n t h a l p y  of l i q u i d  

hg = en tha lpy  of vapor 

h = e n t h a l p y  of i n l e t  l i q u i d  

Def ine  t h e  mass flow f r a c t i o n  of  vapor ,  f ,  a t  any  a r b i -  

t r a r y  t r a n s v e r s e  s e c t i o n  as fo l lows :  

w 
f = &  

W 
(2 -4 )  

W R  
t h e n  1 - f = -  W ( 2 - 5 )  

I n t r o d u c i n g  Eqs. .2-4 and 2-5 i n t o  Eq.  2- 3: 

h-hR 
f =  

hg-hR 
(2-6) 

For s t e a d y ,  two-phase flow, the  mass b a l a n c e  e q u a t i o n  

i s  g iven  by: 

w R  + w = w = c o n s t a n t  
g 

(2-7 1 

Applying Darcy 's  l a w  t o  each phase of the mixture ;  

AkR . .dpR 

dx 
- 

? - - -  - V R  
( 2 - 8 )  
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where A = c r o s s  s e c t i o n a l  area of t h e  c o r e  

kR = 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  

kg 
= 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  vapor  

p2 = v i s c o s i t y  of l i q u i d  

p, = v i s c o s i t y  o f  vapor 
0 

P i ’  pg = p r e s s u r e  i n  l i q u i d  and gas phases ,  r e s p e c t i v e l y  

v R ,  v = s p e c i f i c  volume o f  l i q u i d  and g a s  
g 

I n t r o d u c i n g  Eqs. 2- 8 and 2-9 i n t o  Eq. 2-7 and also neg- 

l e c t i n g  t h e  c a p i l l a r y  f o r c e s :  

Div id ing  Eq. 2- 8 by Eq. 2-9 , and combining with Eqs. 

2-4 and 2- 5,  leads t o  

For a given i n l e t  l i q u i d  t e m p e r a t u r e ,  mass flow rate, 

core a b s o l u t e  p e r m e a b i l i t y  and c r o s s  s e c t i o n a l  area, and knowing 

t h e  t empera tu re  p r o f i l e  i n  t h e  two-phase r e g i o n ,  t h e  r e l a t i v e  

p e r m e a b i l i t i e s  o f  l i q u i d  and vapor can be o b t a i n e d  by combining 

Eqs. 2- 4, 2- 10,  and 2- 1 1 .  
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I n  1 9 7 4 ,  A-rihara2 conducted s e v e r a l  s t e ady ,  two-phase 

(steam-water) f low exper iments  i n  s y n t h e t i c  conso l i da t ed  sand- 

s t o n e  and Berea sands tone  c o r e s .  The h o t ,  compressed water 

was i n j e c t e d  i n t o  the  c o r e  a t  a rate such t h a t  a b o i l i n g  f r o n t  

would form in t h e  c o r e  l e a d i n g  t o  a n  obvious  two-phase flow 

r e g i o n .  He found tha t  t h e  f low c l o s e l y  fo l lowed a n  i s e n t h a l y i c  

p r a c e s s ,  and aFproached s t e a d y  s ta te .  From exper iments ,  he 

dreypj t h e  fo l l owing  impor tan t  conc lu s ions  r eFa rd ing  st .eady, 

steam-water b o i l i n g  flow i n  a l i n e a r  model: 

(1) I t  i s  p o s s i b l e  t o  develop i n - s i t u ,  two-phase b o i l i n g  

f low w i t h  a wide r ange  of t empe ra tu r e  and p r e s s u r e  d rops  i n  

c o n s o l i d a t e d  c o r e s .  

(2) T h e  t o t a l  mass f low ra te  for a ser ies  o f  exper iments  

d e c r e a s e s  with i n c r e a s i n g  p r e s s u r e  and t empe ra tu r e  drop i n  t h e  

two-phase r eg i cz .  

( 3 )  Xt is p o s s i b l e  t o  have a wide r ange  o f  l i q u i d  s a t u-  

r a t i o n s  i n   he two-phase f low r e g i o n .  

2-4 Deplz t ion  ( 5 a t c h )  Experiments 

Krxger zcd Ramey3* p re sen t ed  a mathemat ica l  model (de- 

veloped 3y F.G. Atkinson)  t o  s i m u l a t e  bench- scale d e p l e t i o n  

ex2erirnents .  T5eir model d i d  n o t  s i m u l a t e  t h e  t r a n s i t i o n  from 

compressed ~ a t e r  t o  s a t u r a t e d ,  two-phase b o i l i n g  f low ve ry  

wel l .  Typ i ca l  r e s u l t s  showed t h a t  b o i l i n g  occu r r ed  a t  t h e  

o u t l e t  end and g r a d u a l l y  extended t o  t h e  c l o s e d  end. F i n a l l y ,  

t h e  l i q u i d  s a t u r a t i o n  became uniform a l o n g  t h e  core as the  

l i q u i d  s a t u r a t i o n  reached  i t s  r e s i d u a l  va lue .  
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Garg, e t  a l .33,  d i s cus sed  t h e  governing equa t i ons  and 

a method o f  s o l u t i o n  f o r  two-phase (steam. and water) flow i n  

porous media. Th i s  t h e o r e t i c a l  model. h a s  been a p p l i e d  t o  

s t udy  mass and energy t r a n s p o r t  i n  bench scale l i n e a r  models, 

The assumpt ions  of t h e i r  model a r e :  (1) t h e  rock  matr ix i s  

rigid, (2) water  and vapor are i n  l o c a l  thermodynamic e q u i l i -  

brium, ( 3 )  f l u i d  and rock  ma t r i x  are i n  l o c a l  the rmal  e q u i l i -  

b r i m ,  and ( 4 )  Darcy ' s  l a w  i s  v a l i d .  The governing d i f f e r e n -  

L -  ilzl equa t i ons  a r e  as f o l l o ~ s ;  The mass ba lance  equa t i ons  

are : 

where i = mzss tTlansfer r a te  from l i q u i d  t o  vapor phase  

uR = v e l o c i t y  of l i q u i d  phase 

u = v e l o z i t y  of vapor phase 
R 



The ra te  e q u a t i o n s  are :  

k k  
vapor:  u = - 

g 

wher e k k = r e l a t i v e  p e r m e a b i l i t y  o f  l i q u i d  and vapor ,  
rR '  rg r e s p e c t i v e l y  

k = a b s o l u t e  p e r m e a b i l i t y  o f  l i q u i d  flow i n  t h e  
c o r e  

An i m p l i c i t  i t e r a t i v e  f i n i t e  d i f f e r e n c e  method was 

employed t o  s o l v e  t h e s e  n o n- l i n e a r  governing equa t ions ,  and 

t o  s o l v e  f o r  long t i m e  r e s u l t s .  These s d l u t i o n s  have been 

used t o  rr.atc2 l a b o r a t o r y  exper iments .  

Two s p e s  o f  experiments  performed i n  t h i s  l a b o r a t o r y  

were s imula ted .  One invo lves  i n j e c t : i n g  cold water i n t o  a core 

r ~ I l 2 . d  witk k t  water. The o t h e r  invo lves  producing h o t  water 

and s team f rom a c o r e  i n i t i a l l y  f i l l e d  w i t h  compressed d i s -  

t i l l e d  water. The c a l c u l a t i o n  r e s u l t s  showed c l o s e  agreement 

wi th  t h e  neasured p r e s s u r e  and t empera tu re  h i s t o r y  from t h e  

exper iments .  The c a l c u l a t e d  s a t u r a t i o n  h i s t o r y  showed t h a t  

b o i l i n g  s e e m  t o  s ta r t  a t  bo th  ends o f  t h e  core. After l o n g  

t ime  p e r i o d s ,  t he  c l o s e d  end becomes d r y .  The water s a t u r a t i o n  

becomes uniform f o r  t h e  remaining  f o u r - f i f t h s  o f  t h e  c o r e .  

Garg, e t  a l . ,  gave no e x p l a n a t i o n  f o r  t h i s  behavior .  

C .  
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Because t h e i r  o b j e c t i v e  was t o  s t u d y  vapor p r e s s u r e  

lower ing  i n  porous media,  cad^^^, B i l h a r t z 2 2 ,  Strobe13’, and 

C h i ~ o i n e ~ ~  perform2d d e p l e t i o n  exper iments  w i t h  a small p r e s-  

s u r e  drop a c r o s s  t h e i r  v e r t i c a l  c o r e s  produced from t h e  top. 

Cady performed h i s  experiment  i n  an  unconso l ida ted  sand pack 

w i t h  a p e r m e a b i l i t y  of 4 . 5  daycys.  B i l h a r t z  reproduced the 

Cady e x p e r i n e n t .  S t r o b e l  performed h i s  exper iment  w i t h  a 

n a t u r a l  c o n s o l i d a t e d  sands tone  wi th  a p e r m e a b i l i t y  of  550 mc 

During t h e i r  p roduc t ion  r u n s ,  bo th  CadyIs and S t r o b e l ’ s  tern- 

p e r a t u r e  r e s u l t s  showed t h a t  a d r y  steam zone formed a t  t h e  

producing end ( t o p  of t h e  c o r e )  and g r a d u a l l y  sp read  down t o  

t h e  c l o s e d  end of t h e  c o r e .  The r e g i o n  below the d r y  zone 

was a two-phase zone i n  which tempera ture  and p r e s s u r e  fo l lowed  

t h e  u s u a l  va2cr  p r e s s u r e  cu rve .  

I n  order t o  have obvious two-phase f l o w ,  A r i h a r a  r an  

his experirnants i n  a d i f f e r e n t  way. A l a r g e  p r e s s u r e  d rop  

was in t roduced  by h igh  ra te  f low through t h e  o u t l e t  va lve  of 

a c l o s e d  s y s t m ~  i n i t i a l l y  f i l l e d  w i t h  compressed h o t  water. 

Typ ica l  r e s u l t s  o f  t empera tu re ,  p r e s s u r e ,  and mass p r o d u c t i o n  

h i s t o r y  were Fepor ted .  The A r i h a r a  exper iments  were performed 

w i t h  h o r i z o n t a l  c o r e s .  
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3 .  STATEMENT OF THE PROBLEM 

Rela- t ive  p e r m e a b i l i t y- s a t u r a t i o n  r e l a t i o n s  for mul t i -  

phase flow through r e s e r v o i r  rocks i s  impor tan t  f o r  f o r e c a s t i n g  

t h e  behavior  and. t he  u l t i m a t e  r ecovery  of o i l  and gas  reser- 

v o i r s .  R e l a t i \ ? e  p e r m e a b i l i t y  i s  g e n e r a l l y  d e f i n e d  as t h e  r a t i o  

o f  t h e  e f f e c t i v e  p e r m e a b i l i t y  t o  a given phase ( i n  mul t iphase  

flow) t o  t h e  p e y n e a b i l i t y  of a rock  w i t h  s i n g l e- p h a s e  flow of 

t h a t  f l u i d  th roagh  it. The methods of m e a s w i n g  r e l a t i v e  permea- 

b i l i t y  and f l u i d  c o n t e n t  ( s a t u r a t i o n )  i n  t h e  l a b o r a t o r y  are 

d e s c r i b e d  e x h a c s t i v e l y  i n  t h e  petroleum e n g i n e e r i n g  l i t e r a t u r e .  

I n  t h e  ssme manner, r e l a t i v e  p e r m e a b i l i t y- s a t u r a t i o n  

r e l a t i o n s  z.lr.7.e a l s o  needed for f o r e c a s t i n g  energy r e c o v e r y  

from a g e o t h z r n z l  r e s e r v o i r .  Steam-water r e l a t i v e  p e r m e a b i l i t y-  

water  s a t u r a t i o n  d a t a  have n o t  been p r e s e n t e d  i n  t h e  l i t e r a t u r e .  

LO  ou r  knowlsdge, no a c t u a l  measurements have  been made. I n  

sedition, t57.e t echn ique  o f  measuring water s a t u r a t i o n  i n  steam- 

wa:er f low ex2eriments  has n o t  been s t u d i e d .  T h e r e f o r e ,  t he  

o b j e c t i v e s  o f  t h i s  s tudy  are t o  develop  a probe  for measuring 

water s a t u p a t i o n  i n  l a b o r a t o r y  steam-water flow exper iments  

and t o  c o n s t r u c t  p re l iminary  r e l a t i v e  p e r m e a b i l i t y  c u r v e s  for 

steam and water vs .  water s a t u r a t i o n .  A secondary o b j e c t i v e  

involved i n v e s t i g a t i o n  of  c e r t a i n  e f f e c t s  of  sa l t  i n  s o l u t i o n  

upon geothermal  exper iments .  

n 
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Because h o t  b r i n e  geothermal  f i e l d s  are common, the 

problem of salt d e p o s i t i o n  i n  t h e  r e s e r v o i r  i s  of i n t e r e s t  

t o  geothermal  e n g i n e e r s .  Some i n t e r e s t i n g  q u e s t i o n s  are 

as follows. Where does s a l t  d e p o s i t  i n  t h e  r e s e r v o i r  when 

b o i l i n g  occurs? Does t h e  sal t  d e p o s i t i o n  affect t h e  rock 

p e r m e a b i l i t y ?  The answers  t o  t h e s e  q u e s t i o n s  do not appear  

i n  t h e  l i t e r a - l u r e  t o  our  knowledge. To  answer t h e s e  ques- 

t i o r s ,  f l u i d  will be produced from a closed, hot b r i n e  system 

ir! t h e  l a b o r a t o r y ,  s i m u l a t i n g  a d e p l e t i o n  geothermal  system. 
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4 .  EXPERIMENTAL APPARATUS 

A schemat ic  diagram o f  t h e  bench- scale  l i n e a r  flow 

moZd i s  shown i n  F i g .  4- 1 ,  and photographs of t h e  a p p a r a t u s  

a re  shown i n  F i g .  4 - 2 ( a )  and (b). To d e a e r a t e  t h e  feed-water ,  

the  water xas boLled. i n  a n  open f lask and cooled  by p a s s i n g  

tk rough  a h e a t  exchanger.  The b o i l e d  water was t h e n  pumped 

i n t o  t h e  c o r o .  An zccumulator  was l o c a t e d  a t  t h e  o u t l e t  o f  

t h e  pump t o  r e d c c e  pumping p u l s a t i o n .  PA f l o w r a t o r  was con- 

n e c t e d  i n  t h e  l i n e  f o r  c o a r s e  adjus tment  o f  the  f low ra te .  

The water was t h e n  r a i s e d  t o  t h e  d e s i r e d  t empera tu re  by p a s s i n g  

t h 2  i n j e c t i o n  f l o w l i n e  th rough  an e l e c t r i c  f u r n a c e .  The c o r e  

h o l d e r  was lcjcated i n  a c o n t r o l l e d  t empera tu re  a i r  b a t h .  A 

second pump xas used t o  p r e s s u r i z e  t he  c o n f i n i n g  water o u t -  

s ide  the  Ezssler s l e e v e  t o  t h e  d e s i r e d  p r e s s u r e  when a c o n s o l i -  

dated c o r e  wzs used. A m i c r o r e g u l a t i n g  v a l u e  i n  t h e  o u t l e t  

1ir.z was located o u t s i d e  t h e  a i r  bath. The produced hot  water 

znC steam were condensed i n  a h e a t  exchanger.  The mass flow 

r a t e  and c u z u l a t i v e  mass produc t ion  were measured by t imed 

weighing of  t h e  produced f l u i d  on mass ba lance .  Liquid s a t u-  

r a t i o n  measurement will be d e s c r i b e d  la ter  i n  t h i s  s e c t i o n .  

A p r e s s u r e  gauge and. thermocouple were Located i n  t h e  

f low l i n e  fo l lowing  t h e  e l ec t r i c  fu rnace  b u t  b e f o r e  t h e  a i r  

b a t h .  They served t o  measure t h e  s ta te  of t h e  feed-water  as 

compressed hot  water or a steam-water mix tu re .  Two p r e s s u r e  



.c 

CL 
C 
c 

.- L 

a 

L 

c a 
0 
Q) 

I 

w 
p: 
3 
U 



- 2 8 -  



- 2 9 -  

\ 



- 3 0 -  

t r a n s d u c e r s  were used t o  monitor  t h e  i n l e t  and o u t l e t  c o r e  

p r e s s u r e s .  A t r a v e r s i n g  thermocoupl-e was used t o  measure t h e  

c o r e  t empera tu re  d u r i n g  exper iments .  The t empera tu re  of the 

a i r  b a t h  was a l s o  monitored by a thermocouple. 

The major components o f  t h e  a p p a r a t u s  are  de sc r ibed  

i n  t h e  fo l lowing .  

4- I PumD 

An a d j c s t a b l e  volume pump w a s  used t o  d e l i v e r  t h e  de-  

- 
a e r a t e d  water to t h e  co r e .  The pumping a c t i o n  was c r e a t e d  

by a c t u a t i n g  2 f l e x i b l e  Tef lon diaphram as t h e  p lunger  of  

t h e  pump r e c i p r o c a t e d  a t  a f i x e d  s t r o k e  rate .  Although a 

f i x e d  volupLz of h y d r a u l i c  f l u i d  was d i s p l a c e d ,  t h e  pumping 

c z p a c i t y  c o u l c  S e  a d j u s t e d  by t h e  volume c o n t r o l  knob. 

4- 2 E l e c y r l z  Furnace and Temperature C o n t r o l l e r  * -  

The i n j e c t i o n  t u b i n g  made t h ~ e e  pa s se s  th rough  t h e  

t u b u l a r  f u r n a c e  t o  heat t h e  feed water. Because the  tempera- 

t a r e  c o n t m l l e r  r e g u l a t e d  the  time pe rcen t age  tha t  t h e  l oad  

c u r r e n t  was oz, t h e  f l u i d  t e m p e r a t u ~ r e  a t  t h e  o u t l e t  end of  

ii- L-- P fur r -aze  Ze?ended on t h e  f low ra te .  Hence, the c u r r e n t  

l o a a  t ime wzs a d t u s t e d  t o  main ta in  -the d e s i r e d  c o n s t a n t  t e m -  

pe r- tu re  a t  t3-e  f low r a t e  o f  i n t e r e , s t .  

4- 3 A i r  Bath 

The a i r  b a t h  was used t o  mai:ntain a c o n s t a n t  ambient 

t empe ra tu r e  f o r  t h e  r e s e r v o i r  model. A uniform t empe ra tu r e  



i n  thz c o r e  h o l d e r .  

4-4 Core E o l d e r  

Two t y p e s  o f  c o r e  h o l d e r s  were 

2 . 7 3  i n c h  I D  x 2 4  i n c h  long  s t a i n l e s s  

a t  bo th  ends ~ 7 a s  used as t h e  co re  holc 

used i n  t h i s  s tudy .  The 

s t e e l  t u b e  wi th  a f l a n g e  

3er f o r  unconsol ida ted  

sand packs.  A d e t a i l e d  drawing o f  t h e  co re  h o l d e r  w i t h  probe 

guide  and thermocouple wel l  i s  shown i n  F i g .  4- 3.  

A modified Hass le r- type  c o r e  h o l d e r ,  a f t e r  a des ign  by 

Jones37 ,  was engloyed f o r  c o n s o l i d a t e d  sands tones .  To make t h e  

c o r e  h o l d e r  mons convenient  f o r  l o a d i n g  and unloading the c o r e ,  

an  a d j u s t a b l e  ?lug was used a t  both  ends.  A d e t a i l e d  drawing 

of the c o r e  ho1ds.r i s  shown i n  F ig .  4- 4.  The c o r e  h o l d e r  i n-  

c luded a s ta l~=less  s t e e l  s h e l l ,  e i t h e r  a v i t o n  or a s i l i c o n e  

rubber  s l e e v z ,  s t a i n l e s s  s t e e l  compression r i n g ,  and an  a d j u s t -  

able end p l u s  226 cap a t  bo th  ends.  The s t a i n l e s s  s tee l  s h e l l  

-rsllr ? C Z < Z .  ?ne served f o r  a d m i t t i n g  c o n f i n i n g  p r e s s u r e .  

The o t h e r  th ree  p o r t s  could be used €or c o r e  p r e s s u r e  measure- 

ment. The i z l e t  p lug  had 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 l u g  had t a p s  for e x i t  f low, p r e s s u r e  

measurement, and an opening f o r  t h e  s a t u r a t i o n  probe guide .  A 

h e a t  exch..?-nger t y p e  t u b i n g  f i t t i n g  was used t o  pass  t h e  thermo- 

coup le  well through t h e  e x i t  f low t a p .  
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4 . 5  Porous Pledia 

T h i s  s tudy  involved 

d a t e d  sand packs and s y n t h  
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two t y p e s  of porous media--unconsoli-  

e t i c  c o n s o l i d a t e d  sands tones .  The 

c a l i b r a t i o n  o f  t h e  c a p a c i t a n c e  probe i n  a steam-water sys tem 

a t  h igh  t empera tu res  w a s  made i n  two u n c o n s o l i d a t e d  sand packs  

of d i f f e r e n t  g r a i n  s i z e .  Other exper iments  were performed i n  

t h e  s y n t h e t i c  c Q n s o l i d a t e d  sands tone .  The p r o p e r t i e s  o f  t h e  

porous rnedia are prgsented  i n  Appendix A.  

A 9 n?n 03 pyrex t u b i n g  coa ted  w i t h  a 0 . 0 1 5  i n c h  t h i c k  

Tef lon  tubFng w a s  used as a guide  for the  l i q u i d  s a t u r a t i o n  

probe.  The p r s 3 e  guide  was cast i n  t he  c e n t e r  of t h e  s y n t h e t i c  

c o n s o l i d a t e 2  s.andstone. A 0 . 0 7 0  i n c h  OD s t a l n l e s s  s t e e l  t u b i n g  

was used as a guide for t h e  t r a v e r s i n g  thermocouple,  and w a s  

cast 0 . 7 5  i2ch .e~  from t h e  c e n t e r  o f  t h e  s y n t h e t i c  c o n s o l i d a t e d  

:ore. Prior t o  c o a t i n g  the pyrex tu.bing w i t h  t h e  Tef lon  t u b i n g  

s l e e v e ,  b a r e  p p e x  t u b i n g  was used,  and u s u a l l y  broke due t o  

the rmal  s t r e s s ,  and t e r m i n a t e d  t h e  exper iment .  

The t s c h i q u e  o f  f a b r i c a t i n g  a s y n t h e t i c  c o n s o l i d a t e d  

sands tone  hac; been d e s c r i b e d  by Trlyga.13*, Heath3', Evers  40 , and 

h i h a r a  . . a x e v e r ,  t o  keep t h e  l o n g  s y n t h e t i c  c o n s o l i d a t e d  

c a r e  from c r a c k i n g ,  two impor tant  p r e c a u t i o n s  were found i n  

t h i s  s tudy .  T h e  f i r s t  p r e c a u t i o n  is, t o  c u r e  t h e  c o r e  under 

a wet c o n d l t i o n  t o  minimize volume r e d u c t i o n  d u r i n g  ha rden ing .  

Th i s  s t e p  can  be  done by sp ray ing  t h e  core with water and 

c o v e r i n g  with a p l a s t i c  s h e e t .  The second p r e c a u t i o n  i s  t o  

p r e h e a t  t h e  long  s y n t h e t i c  consol ida- ted  core t o  a moderate 

t e m p e r a t u r e  (about  16OoF) f o r  s e v e r a l  hours  b e f o r e  e l e v a t i n g  

t h e  c o r e  t o  t h e  d e s i r e d  h i g h e r  tempe.rature.  

2 y 
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4- 6 P r e s s u r e  Measurement 

P r e s s u r e  was measured by a c a : l i b r a t e d  diaphragm- type 

p r e s s u r e  t r a n s d u c e r .  The c a p a c i t y  o f  t h e  t r a n s d u c e r  depended 

on the d e s i g n  p r e s s u r e  r a t i n g  of  t h e  s t a i n l e s s  s t e e l  diaphragm. 

The p r e s s u r e  r anges  of t h e  p l a t e  inc luded  0 t o  1, 5 ,  2 5 ,  100, 

arid 500 p s i .  The p r e s s u r e  r e a d i n g  could  b e  o b t a i n e d  e i t h e r  

frorn a 5 inch a m l o g  meter w i t h  + 1% f u l l  scale accuracy ,  o r  

f r o 2  a 3 d i g i t  r e a d i n g  u s ing  t h e  meter as a n u l l  ba l ance  i n d i-  

cator. The in2 , ica tor  meter  se rved  for lo%, 3 0 % ,  and 1 0 0 %  o f  

t h e  c a p a c i t y  05 t h e  t r a n s d u c e r  p l a t e  by s e l e c t i n g  a meter 

s e n s i t i v i t y .  ??erefore,  for a 5 0 0  p s i  p l a t e  be ing  used i n  

t h i s  s t u d y ,  the sccu racy  of r e a d i n g  was + 5 p s i  for p r e s s u r e  

above 1 5 0  p s i , + l . S  €or p r e s s u r e  between 1 5 0  p s i  and 50 p s i ,  

and was: 0.5 >?si for p r e s s u r e  below 5 0  p s i .  

- 

- 
- 

4- 7 Tern-perature Measurement 

A l l  t emFs ra tu r e s  were measured by J- type  i ron- cons tan tan  

sh2aChed tke rnocouples .  The c o r e  t empera tu re  was measured 

w i th  a 0 .  C 4 G  i nch  O D  thermocouple t r a v e r s i n g  i n s i d e  0 . 0 7 0  i nch  

G 3  s t a i n l e s s  steel t u b i n g  i n  t h e  co r e .  All t empe ra tu r e s  were 

r2-.3?,226 5:: 2 2LL channe l  t empera tu re  r e c o r d e r .  Temperatures 

were measced wi th  a n  e s t ima ted  accu:racy o f  +1 0 F. - 

4-8 S a t u r a t i o n  Measurement 

The d i e l e c t r i c  c o n s t a n t  c apac i t ance  probe was used t o  

measure wa te r  s a t u r a t i o n  i n  steam-wa.ter flow exper iments .  The 

o p e r a t i n g  p r i n c i p l e s  and i n s t rumen ta t i on  of t h i s  probe are as 

fo l l ows .  
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4- 8- 1 Opera t ing  P r i n c . i p l e s  o f  t h e  Probe. The probe u t i l i z e s  

t h e  d i e l e c t r i c  c o n s t a n t  d i f f e r e n c e  between s o l i d  materials 

and f l u i d  phases .  The probe changes t h e  r e s o n a n t  f requency 

d i f f e r e n c e  be tveen two o s c i l l a t o r s  by changing t h e  c a p a c i t a n c e  

of a c a p a c i t o r  i n  one of  t h e  o s c i l l a t o r s .  The c a p a c i t a n c e  of  

t h e  c a p a c i t o r  changes by changing t h e  d i e l e c t r i c  c o n s t a n t  of  

t h e  media su r rouad ing  t h e  gap of  t h e  c a p a c i t o r .  The d i e l e c -  

t r ic  c o n s t a n t  o f  t h e  medium i n c r e a s e s  w i t h  i n c r e a s e  i n  water 

c o n t e n t  i n  t h e  medium. The water c o n t e n t  can  b e  measured by 

r e l a t i n g  t h e  probe s i g n a l  t o  a g iven  r e f e r e n c e  p o i n t  such  as 

a s t e a m- f i l l e d  c o r e ,  or a w a t e r- s a t u r a t e d  c o r e .  

4- 8- 2 Main Components of  t h e  Probe. A schemat ic  d iagram of  

t h e  measurement o f  l i q u i d  water s a t u r a t i o n  i n  a porous medium 

i s  shown i n  F ig .  4 - 5 ( a > ,  and a photograph o f  t h e  c a p a c i t a n c e  

probe i s  shown i n  Fig .  4 - 5 ( b ) .  The schematic diagram of  the 

probe i n  o p e r a t i n g  p o s i t i o n  i s  shown i n  F i g .  4- 1.  The satura- 

t i o n  probe i n c l u d e s  a c a p a c i t o r  ( p r o b e ) ,  probe  c i r c u i t ,  d i g i t a l -  

arLalog c o n v e r t e r  , t empera tu re  c o n t r o l l e r  , d i g i t a l  mul t ime te r  , 
ani! gower s o m c e .  Because t h e  major o b j e c t i v e  of  t h i s  s t u d y  

- i s  use o f  t5-s c z ? l c i t a n c e  probe  t o  measure l i q u i d  s a t u r a t i o n ,  

a d e t a i l e d  d e s c r i p t i o n  o f  tho, probe components i s  g iven  i n  

t h e  f o l l o w i n g .  

A drawilng of  t h e  c a p a c i t o r  is  shown i n  F i g .  4- 6. The 

end w i t h  a c l o s e d  copper  t u b e  a t t a c h e d  t o  a brass rod becones 

one p l a t e  o f  t h e  c a p a c i t o r .  The o t h e r  p l a t e  i s  a s i l v e r - p l a t e d  

Pyrex t u b e .  Tef lon  s p a c e r s  were used t o  keep t h e  b r a s s  rod i n  
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t h e  c e n t e r  of t h e  g l a s s  t u b e .  T3-e s e n s i t i v e  p o r t i o n  i s  10- 

c a t e d  a t  t h e  1 / 1 6  in. gap between t3e open end of t h e  copper  

t u b e  and t he  s i l v e r  p l a t i n g ,  because t h e  e lec t r ic  f i e l d  ex- 

t e n d s  i n t o  t h e  media o u t s i d e  the 9ra5e  guide. Consequently,  

t h e  c a p a c i t a n c e  of  t h e  c a p a c i t o r  cYanges as t h e  water c o n t e n t  

i n  t h e  media changes.  

The main components o f  t h e  c a p a c i t a n c e  probe c i r c u i t  

a r e  shown i n  F i g .  4- 7 .  There are t h r ee  impor tan t  p a r t s .  

These t h r e e  par t s  are:  (1) two c r - y s t a l - s t a b i l i z e d  o s c i l l a t o r s ,  

(2) a d e t e c t o r ,  and (3) an ampl i f - ier .  The two o s c i l l a t o r s  

a r e  i d e n t i c a l  except  t h a t  one i s  co?-r_ected to t he  c a p a c i t o r  

probe. Both a r e  tuned t o  about  7 . 5  EJz,  w i t h  about  1 . 3  KHz 

d i f f e r e n c e  when t h e  c a p a c i t a n c e  ??a3e i s  immersed i n  a i r .  

Once s e t ,  the 5 i f f e r e n c e  i s  f i x e d  u n l e s s  t h e  c a p a c i t a n c e  of 

t k  probe c h ~ . n g z . ~ .  The d e t a i l e d  9robe c i r c u i t  diagram was 

g iven i n  Abpendix C of  A r i h a r a ' s  d i s s e r t a t i o n  2 . 
The d i g i l d .  t o  analog c o n v e r t e r  i n d i c a t e d  i n  Fig.  4-7 

was used  t o  o';.t;iil-.. a D.C. v o l t a g e  whose magnitude was d i r e c t l y  

p r o 9 o r t i o n a l  the f requency d i f f e r e n c e  o f  t h e  two o s c i l l a -  

tors * 

05  -ki'=?ara' E, 5 i s s e r t a t i o n  . 
m Lhe 5a-tziled c i r c u i t  d iag ranwas  shown i n  Appendix C 

2 

The c a p a c i t a n c e  probe and c i r c u i t r y  used  in t h i s  s t u d y  

are e s s e n t i a l l y  t h e  same as the  o r i g i n a l  Baker d e s i g n .  

I n i t i a l l y ,  problems were exper ienczd with s t a b i l i t y  of t h e  

d e t e c t i o n  c i r c u i t .  These problems we-e found t o  he  a r e s u l t  

of t empera tu re  v a r i a t i o n ,  even though t h e  equipment was l o-  

cated i n  a n  a i r- c o n d i t i o n e d  l a b o r a t o r y .  I n  fa irness ,  t h e r e  
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was a n  unusua l ly  l a r g e  h e a t  l o a d  i n  -the l a b o r a t o r y .  The 

Kruger3* Chimney Model i s  l o c a t e d  i n  t h e  .same l a b o r a t o r y ,  

f o r  example. Although it was d i f f i c u l t  t o  l o c a t e  t h e  source  

of i n s t a b i l i t y  i n  probe r e s u l t s  i n  e a r l y  c a l i b r a t i o n  work, it 

was n o t  d i f f i c u l t  t o  c o r r e c t  the  s i t u a t i o n  Once the Source 

Was known. A hea te r- tempera tu re  c o n t r o l l e r  assembly was added 

t o  t h e  probe c i r c u i t  e l e c t r o n i c  package. 

Two 1 5  x a t t  c a r t r i d g e  heaters,  3 / 1 6  i n c h  OD by 1 3 / 8  

lnch l e n g t h  tbrs re  f a s t e n e d  i n s i d e  the case o f  the  probe cir-  

cuitry housing.  The t empera tu re  i n s i d e  t h e  probe c i r c u i t r y  

box was s e t  a t  3 8 O C  + 0.1OC. A s o l i d - s t a t e  t h e r m i s t o r  con- 

troller was us26 t o  ma in ta in  t h e  t empera tu re .  

- 

The pur2ose of ma in ta in ing  a c o n s t a n t  t empera tu re  i n s i d e  

t h e  c i r c u i t r y  housing i s  as f o l l o w s .  I d e a l l y ,  t h e  f requency 

d i f f e r e n c e  o f  tm o s c i l l a t o r s  w i l l  remain c o n s t a n t ,  no matter 

what t h e  a>>lezt t empera tu re ,  as long as t h e  c a p a c i t a n c e  of 

the c i r c u i t  ~2.02s n o t  change. This  i s  based on the  assumption 

t h a t  f r e q u e x y  s h i f t i n g  due t o  ambient t empera tu re  change w i l l  

be  t h e  saxe 52- each o s c i l l a t o r .  However, it i s  impractical 

c x t  2x0 c2ystals a t  e x a c t l y  t h e  same a n g l e  from t h e i r  a x i s  

sxeh t h a t  t-?ro c r y s t a l s  w i l l  have t h e  same t empera tu re  c o e f f i -  

c isRt .  3erice, to e l i m i n a t e  the exte . rna1 t empera tu re  effect  

orL t h e  p m b z  s i g n a l ,  it i s  important  t o  ma in ta in  a f i x e d  t e m -  

p e r a t u r e  i n  t h e  c i r c u i t r y  housing.  

Another s t a b i l i t y  problem was. so lved  by e l i m i n a t i n g  

power supply  v a r i a t i o n s .  Four 1 2  v o l t  D . C .  b a t t e r i e s  were 

used t o  s u p p l y  a stable,  c o n s t a n t  v o l t a g e  t o  t h e  probe c i r c u i t .  
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Because t h e  probe ou tpu t  s i g n a l  i s  i n  t h e  m i l l i v o l t  r ange ,  

a c o n s t a n t  power sugDly  i s  necessa ry  t o  reduce  n o i s e  i n  t h e  

probe s i g n a l ,  



-44 -  

5 .  EXPERIMENTAL PROCEDURE 

Four t y p e s  of experiments  were performed i n  t h i s  s t u d y .  

F i r s t ,  i n  o r d e r  t o  u t i l i z e  t h e  c a p a c i t a n c e  probe as a q u a n t i-  

t a t i v e  water c o n t e n t  measuring d e v i c e ,  t h e  most impor tan t  ob- 

j e c t i v e  was t o  s tudy  c a l i b r a t i o n  of t he  probe.  Later, t h e  

f s a s i b i l i t y  of u s i n g  th i s  probe t o  measure water s a t u r a t i o n  

was demonstrated in s t e a d y ,  two-phase f low and d e p l e t i o n  ex- 

per imen t s .  F i n z l l y ,  a b r i n e  experim.ent was performed t o  s t u d y  

t h e  e f fec t  of salt d e p o s i t i o n  on r e s e r v o i r  p r o p e r t i e s  and salt  

d i s t r i b u t i o n  ir! a geothermal  r e s e r v o i r .  

A s h o r t ,  s y n t h e t i c  c o n s o l i d a t e d  sands tone  core f i l l e d  

with a i r  and water was used t o  c o n s t r u c t  t h e  probe s i g n a l- w a t e r  

s a t u r a t i o n  c a l i b r a t i o n  at room tempera tu re .  Water s a t u r a t i o n  

was measured by a g r a v i m e t r i c  method.. I n  t h e  steam-water 

calibraticz,  a n e a r l y  equa l  amount of  h o t  water and steam was 

prozuced f r ~ m  z sand pack i n i t i a l l y  f i l l e d  w i t h  a h o t ,  com- 

pressed  d is ' - , t l led  water. 'Fol lowing a p roduc t ion  s t a g e ,  t h e  

c a r e  was allowed t o  reheat.  Product:ion and r e h e a t i n g  s t a g e s  

were r epea t& untF1 the  c o r e  was comple te ly  d ry .  The water 

s a t u r a t i o n  a t  each s t a g e  was determined by a mass ba lance .  

.For s t e a d y  state flow exper iments ,  c o n s t a n t  t e m p e r a t u r e  

ho t  water was i n j e c t e d  i n t o  t he  s y n t h e t i c  c o n s o l i d a t e d  sand- 

s t o n e  c o r e  a t  a c o n s t a n t  r a t e  such t h a t  a b o i l i n g  f r o n t  would 

form i n  the c o r e .  As f o r  d e p l e t i o n  exper iments ,  hot water 
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and steam were produced from an i n i t i a l l y  h o t  compressed l i q u i d  

system wi th  t h e  i n j e c t i o n  end of t h e  co re  c l o s e d .  

The procedure  for t h e  b r i n e . e x p e r i m e n t  was similar t o  

t h a t  of t h e  c a l i b r a t i o n  of t h e  probe i n  t h e  steam-water sys- 

tern, excep t  t h a t  t h e  h o t  water  and steam were produced from a 

co re  i n i t i a l l y  con t a in ing  a h o t ,  compressed b r i n e  s o l u t i o n  of 

1 2 , 0 9 0  ppm s o d i m  c h l o r i d e .  

The d e t a i l e d  procedure for each experiment  i s  as f o l l o w s .  

5 - 1  C a l i b r z t i o n  o f  t h e  Capaci tance  Probe a t  Room Temperature 

The s y n t h e t i c  conso l ida t ed  co re  i s  d r i e d  a t  115OC for 2 4  

hou r s .  I t  was 2 t o  3 inches  i n  l e n g t h ,  1 . 9 3  i nches  i n  d i a m e t e r ,  

and had a 9 m. GD g l a s s  t ube  i n  the  c e n t e r  of t h e  c o r e .  Evacu- 

a t e  t h e  c o r e  whi le  t h e  co re  i s  s t i l l  h o t .  Measure t h e  we igh t  

and probe s ig r -a l  of t h e  d r y  c o r e .  Evacuate t h e  c o r e  for 2 t o  3 

hours .  Sa t i i -z te  t h e  core  w i th  water whi le  under vacuum. Weigh 

and r e c o r d  t h 2  probe s i g n a l  of the  f u l l y - s a t u r a t e d  c o r e .  R e-  

duce t h e  wats? s a t u r a t i o n  by h e a t i n g  the  c o r e  f o r  a s p e c i f i e d  

t i n e .  Repeat ?robe measurements du r ing  s a t u r a t i o n .  A l l  p robe  

mezsurements weye t aken  af ter  t h e  co re  had cooled t o  room temp- 

eratqwe . 
5- 2 C a l i b r a t i o n  of t h e  Probe a t  High Temperatures 

Evacuate t h e  sand pack i n  t h e  s t a i n l e s s  s tee l  co re  

h o l d e r  f o r  2 4  hours .  S a t u r a t e  t h e  co re  w i t h  deae ra t ed  d i s -  

t i l l e d  w a t e r ,  measure t h e  pore  volume and probe s i g n a l  of the 

s a t u r a t e d  c o r e .  Heat the co re  t o  t h e  d e s i r e d  t empera tu re .  

Record t h e  probe s i g n a l  of  t h e  co re  w i th  a 1 0 0  p e r c e n t  water 

s a t u r a t i o n .  Produce a d e s i r e d  amount of h o t  wa te r  and steam 



i 
1 

- 4 6 -  

t o  o b t a i n  d i f f e r e n t  water  s a t u r a t i o n s .  Shut i n  t h e  system. 

Wait u n t i l  t h e  c o r e  t emFera tu re  r e t u r n s  t o  i n i t i a l  tenpera-  

t u r e .  Record t h e  probe s i g n a l .  Repeat d e s a t u r a t i o n  and 

measurement u n t i l  t h e  c o r e  i s  comple te ly  d r y .  

5- 3 P r e p a r a t i o n  o f  Steam-Water Flow Experiments  

One o f  many problems encountered i n  t h i s  s t u d y  was t o  

e l i T - i n a t e  gas coming from t h e  s y n t h e t i c  c o n s o l i d a t e d  sands tone  

c a r e  d u r i n g  t5-2 h i g h  t empera tu re  exper iments .  Although t h e  

c o r e  was evacuzted b e f o r e  t h e  experiment and deaerated water 

was used as  a c o n f i n i n g  medium o u t s i d e  t h e  s l e e v e  o f  t h e  core 

h o l d e r ,  s e v e r a l  hundred cc o f  gas  had been c o l l e c t e d  d u r i n g  

t h e  d e p l e t i c n  exper iments .  The a n a l y s i s  o f  gas  u s i n g  a Gas 

P e t i t i o n e r  sSg:csd t h a t  about  f i f t y  p e r c e n t  of gas  was a i r ,  

and t h e  r e s t  xzs o f  unknown composi t ion.  The s o u r c e  of gas  

was found by t3e  fo l lowing  s imple  experiment .  When a p i e c e  

o f  Vi ton ,  s i l i c o n e  rubber  and Tef lon  were immersed i n  a de- 

aerated hot wzter, gas bubbles  were found on t h e  s u r f a c e  o f  

t h e s e  materlzls. The experiment  i n d i c a t e d  t h a t  s i l i c o n e  r u b b e r  

225 l e f l o n  s t u t  t o  decompose a t  about  180OF. The following 

- ~ n - a A l l n ~ s  _- - - -LA - xe?? t a k e n  t o  remove t h e  gas  o f  decomposi t ion from 

t h e  c o r e .  

rn 

Evzcuate and s a t u r a t e  t h e  s y n t h e t i c  c o n s o l i d a t e d  c o r e  

w i t h  water a t  room tempera tu re .  Gradual ly  h e a t  t h e  c o r e  t o  

about  160°F f o r  s e v e r a l  hours  t o  p reven t  t h e  core from c rack-  

i n g .  Gradual ly  e l e v a t e  t h e  c o r e  t empera tu re  t o  26OoF. Mean- 

w h i l e ,  d e p l e t e  t h e  c o r e  t o  remove t h e  g a s  produced from e i t h e r  
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t h e  Viton o r  s i l i c o n  rubber  and. Tef lon  t u b i n g .  R,esaturate 

t h e  co re  wi th  hot  w a t e r .  ? a i s e  t h e  core tev .?era ture  t o  2 9 5  0 F.  

D e p l e t e  t h e  c o r e  a.zai-r. Z e s a t u r a t e  t 5 e .  c o r e  wi th  h o t  water a t  

295OF. Prepare  t o  run a s t e a d y ,  two-p5ase flow exper iment .  

5-4 Ste'ady,'  Two-Phhse Y'lOW YxDeriPents 

The procedure f o r  s t e a d y ,  two-phasz flow experiments  

was as follows. Yith t h e  o u t l e t  end rraintained i n  t h e  l i q u i d  

reZ ion ,  c o n t i n u e u s l y  i n j e c t  h o t  water  through t h e  c o r e  u n t i l  

t h e  c o r e  temp-ztare was uniform. I n i t i a t e  two-phase flow 

by d e c r e a s i z g  tF -5  o u t l e t  p r e s s u r e .  3ecord t h e  probe s i g n a l  

and t empera tu res  a long  t h e  a x i s  of t h e  c o r e  when t h e  tempera- 

t u r e  becomes s t a k l e .  At t h e  same tir.e, r e c o r d  t h e  i n l e t  and 

o u t l e t  p r e s s u r e s  aRd t h e  mass f low r a t e .  

5- 5  Deplet lor-  ( '3atch) Experiment 

The ??cn,elure f o r  t h e  d e p l e t i o n  exper iments  was as 

follows. 3 ,  iLesat;lrate t h e  c o r e  wi th  water a t  t h e  end of t h e  

s t e a d y ,  two-s3Lzse flow exper iments .  Close  t h e  o u t l e t  v a l v e  

azd ? ressu rFzs  t 5e  s y s t e m  t o  mainta in  t h e  whole c o r e  i n  t h e  

cczpFessed l i 2 c i d  r e g i o n .  Close t h e  i n l e t  va lve .  Wait u n t i l  

t3-z core t e r : ? s r a t u r e  s t a b i l i z e s .  Record t h e  probe s i g n a l .  

Open t h e  a u t l e +  va lve  for maximum flow rate.  Record t h e  in-  

l e t  axd o u t l e t  p r e s s u r e s  and t empera tu res ,  and t h e  s a t u r a t i o n  

p r o f i l e  as f u n c t i o n s  of  t ime.  Xecore t h e  probe s i g n a l  through-  

ou t  t h e  experiment .  
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5-5 Brine Experiment 

The procedure  for t h e  b r i n e  e:c;:I.rimnt was as follows. 

I n j e c t  a h o t  b r i n e  s o l u t i o n  of  1 2 , C C i l  337 sodium c h l o r i d e  

through a  COT^ s a t u r a t e d  wi th  h o t  dFstL/led water  u n t i l  t h e  

r e s i s t i v i t y  of  t h e  e f f l u e n t  r e a c h e s  -t?:c; r e s i s t i v i t y  o f  t h e  

ids t  b r i n e .  C.lose t h e  o u t l e t  v a l v e  e 6  g r e s s u r i z e  t h e  s y s t e m  

tc, 200 2 s i g .  Close t h e  i n l e t  va lue .  .:aFt u n t i l  t h e  c o r e  

- _  

.- 

Ln-53-n L =  . . .v4-ature Is s t a 5 i l i z e d .  Produce ?:: S r i n e  and steam from 

A- L--Le c o r e .  Yeasuze t h e  r e s i s t i v i t y  of ~ 3 s  proc'uced water a t  

I L L 1 s  7- end of  each product ion  s t a g e .  C L O S E  t h e  o u t l e t  va lve  and 

rehea t  t h e  c a r s  u n t i l  t h e  c o r e  ter.pe:rz:Lzz r e a c h e s  t h e  i n i t i a l  

t e x p e r a t u r e .  ?<ep=.at p roduc t ion  and :re:?eating u n t i l  t h e  c o r e  

becomes com?lete!ly dry. Measure t h e  ca2acitance probe signal 

d u r i n g  t h e  run. 
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6 .  RESULTS AND DISCUSSION 

This  c h a p t e r  p r e s e n t s  t h e  r e s u l t s  of t h i s  s t u d y .  The 

f i r s t  s e c t i o n  covers  t h e  t h e o r e t i c a l  ' a n a l y s i s  and exper imen ta l  

c a l i b r a t i o n  o f  t h e  c a p a c i t a n c e  probe.  Much o f  the  t h e o r e t i c a l  

a n a l y s i s  was develo2ed by Denlinger  ( r e f .  3 ) .  The second sec- 

t i c 2  p r e s e n t s  t h e  r e s u l t s  of t h e  s t e a d y ,  two-phase f low e x p e r i -  

nen t s .  The t h i r d  s e c t i o n  c o n s i s t s  o f  t h e  temperature and s a t u r -  

a t i o n  h i s t o r i e s  for t h e  ba tch- type  d e p l e t i o n  exper imen t s .  The 

f i n a l  s e c t i o n  pr2sen-t.s t h e  r e s u l t s  from t h e  b r i n e  exper iments .  

6- 1  C a l i b r a t i o n  

The d i e l e s t r i c  c o n s t a n t  of  a san? pack f i l l e d  wi th  a 

steam-water mixture can be es t ima ted  by t h e  modif ied  Licht -  

necker  and Rother equa t ion  ( r e f .  2 3 ) .  The e q u a t i o n  may be 

w r i t t e n  as: 

where E = d i e l e c t r i c  c o n s t a n t  of t h e  media 

& ma = d i e l e c e T i c  c o n s t a n t  of the m a t r i x  

d i e l z c t r i c  c o n s t a n t  o f  water 

€ S  
= d i e l e c t r i c  c o n s t a n t  of  steam 

4 t o t a l  p o r o s i t y  

sW 
= water s a t u r a t i o n  

c = t h e  format ion  d i e l e c t r i c  cementat ion and p o l a r i z a t i o n  
f a c t o r .  I t  depends on t h e  g r a i n  s i z e ,  shape ,  and 
o r i e n t a t i o n  i n  t h e  format ion .  
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The t o t a l  capac i t ance  of t h e  probe can  be expressed  

as follows: 

c = c  t c  
P 1 2 

( 6 - 2 )  

Because t h e  v a l - ~ e s  of  C, and C2 fo r  t:he s u b j e c t  p robe  are 0 . 5 ~  

a r d  2 5 . 0  picofa-zci (1 p . f .  = 1 0  -12 f a r a d ) ,  r e s p e c t i v e l y ,  Eq.  
3 6- 2  becoF., I . P S  : 

cP = 0 . 5 ~  t 2 5  ( 6 - 3 )  

RefszFrLg t o  F i g .  6- 1 ,  t h e  t o t a l  c a p a c i t a n c e  o f  the 

oscillate? xi?:-. t h e  probe can be w r i t t e n  as 

- -  1 -  1 1 
C C + 1 5  1 0 0  

t -  

P 

S u b s t i t u t i n g  T q .  6- 3 i n t o  Eq.  6-5 yields: 

c =  ( 0 . 5 € + 4 0 ) 1 0 0  
0 . 5 ~ + 1 4 0  

- 

(6- 4 

( 6 - 6 )  
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6- 1.  PORTION OF SCHEMATIC CIRCUIT DIAGRAM OF 
THE OSCILLATOR WITH PROBE 
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The resonan t  freq.uency of  t h e  o s c i l l a t o r  w i t h  t he  probe 

can be c a l c u l a t e d  by:Eq. 6- 7 f o r  a series LC c i r c u i t .  

L = inductance  o f  t h e  o s c i l l a t o r ,  h e n r i e s  

C = z a p a c i t a n c e  o f  t h e  o s c i l l a t o r ,  p .  f .  

The c a a z c i t a n c e  c i r c u i t  measures t h e  d i f f e r e n c e  between 

t??e r e s o n a n t  Z-squencies o f  t h e  two o s c i l l a t o r s .  The r e s o n a n t  

f requency of t h e  s t a n d a r d  o s c i l l a t o r  i s  f i r e d .  Thus, t he  fre-  

quency d i f f e r - n c e  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  r e s o n a n t  

f requency of  t Y . 5  o s c i l l a t o r  c o n t a i n i n g  t h e  probe.  The a m p l i t u d e  

of t h e  D . C .  t73LTSge ob ta ined  from t h e  d i g i t a l  t o  ana log  con- 

v e r t e r  i s  als.2 2 r o p o r t i o n a l  t o  t he  d l f f e r e n c e  o f  t h e  r e s o n a n t  

f r e q u e n c i e s .  There fo re  a t h e o r e t i c a l  c a l i b r a t i o n  curve  can  

5 3  c o n s t r u z t z 5  3y a s s i g n i n g  a v a l u e  f o r  t h e  water c o n t e n t ,  and 

t h e  d i e l e c t r i c  cementa t ion  and p o l a r i z a t i o n  f a c t o r  of t h e  porous 

rn-&ia, (See Fig. 2 f o r  s p e c i f i e d  v a l u e s . )  The t h e o r e t i c a l  

c a l i b r a t i o n  cwves so  found are shown on F i g .  6-2.  

Referr i r’g t o  Fig. 6- 2 ,  t h e  ( f , IS  i s  t h e  r e s o n a n t  f re-  

quency of t5.e o s c i l l a t o r  f o r  t h e  probe immersed i n  t h e  core 

f i l l e d  wi th  steam. ( f p I x  i s  t h e  resor ,ant  f requency of  t h e  

o s c i l l a t o r  f o r  t h e  probe immersed i n  a c o r e  f i l l e d  with water, 

and ( f p )  i s  t h e  r e s o n a n t  frequency of t h e  o s c i l l a t o r  for the 

probe immersed i n  a c o r e  f i l l e d  with  a steam-water mixture. 
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6- 2 .  T H E O R E T I C A L  C A L I B R A T I O N  CURVES FOR THE 
CAPACITANCE PROBE 



The d e t a i l s  o f  t h e  c a l c u l a t i o n  o f  t h e  c a l i b r a t i o n  curve  are  

p r e s e n t e d  i n  Appendix B .  

Meador, e t  a l .  * 3 ,  i n d i c a t e d  t h a t  t h e  v a l u e  of e, the  

f o r n a t i o n  d i e l e c t r i c  cementa t ion  and p o l a r i z a t i o n  f a c t o r ,  

mig5zt range  from n e a r l y  z e r o  t o  n e a r l y  two f o r  most d i e l e c t r i c  

logging a p p l i c a t i o n s .  Thus c v a l u e s  of 0- 25,  0 . 5 ,  1 . 0 ,  1 . 2 5 ,  

and 1 . 5  were used i n  t h e  c a l c u l a t i o n  o f  t h e  t h e o r e t i c a l  c m v e s  

OR r l g .  6 . 2 .  - .  

F i g .  6- 2 shows t h a t  t h e  f requency s h i f t  o f  t h e  probe 

i s  s e n s i t i v e  t o  t h e  water s a t u r a t i o n  change, no matter what 

c va lue  i s  used. Thus the c a p a c i t a n c e  probe may be  used t o  

measure water c o n t e n t  ( s a t u r a t i o n )  i n  the porous  media. 

Because t h e  d i e l e c t r i c  c o n s t a n t s  of a i r  and steam are 

n e a r l y  i d e n t i c a l  f o r  a wide t empera tu re  r a n g e ,  t h e  normalized 

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

water should a l s o  r e f l e c t  t h e  r e sponse  of  the  p robe  i n  a core  



f i l l e d  w i t h .  a steaa-water mixture.  The water con ten t  (satura- 

t i o n ,  or volume f r a c t i o n  of pore valuxs.)  i n  a s h o r t  s y n t h e t i c  

c o n s o l i d a t e d  sancistone c o r e  v a s  c a l c u l a t e d  u s i n g  t h e  r e l a t i o n :  

The ex>sr iT,enta l  r e s u l t s  of  s t a t i c  c a l i b r a t i o n s  are 

p resen ted  $-?;sndix D-1. Typica l  results from s t a t i c  ca l i-  

b r a t i o n  t e s t i ? ,  in s y n t h e t i c  c o n s o l i d a t e d  sands tone  cores 

filled wi th  ZLr-xater mix tu res  a re  shown i n  F i g .  6- 3 .  Although 

t 3 e  d a t a  s?ic-& s c a t t e r i n g  lin t h e  h igh  water s a t u r a t i o n  r e g i o n ,  

t 3 e  re la t io r ,  3e:ween water s a t u r a t i o n  and t h e  a b s o l u t e  probe 

si.-r.al (T!':> i s  c l e a r .  R e f e r r i n g  t o  Fig. 6- 3 for a water s a t u r a-  

t T G z  Less tbzz E! p e r c e n t ,  the r e l a t i o n s h i p  i s  n e a r l y  l i n e a r .  

For x a t e r  s c r u r z t i o n s  above  6 0  p e r c e n t ,  t h e  c a l i b r a t i o n  curve  , 
appears  t o  f i t  a p a r a b o l t c  c u r v e .  

The s c a t t e r  may be caused by t h e  inhop-ogeneity of t h e  

t e s t  c o r e s .  An inhomogeneity e f f e c t  a n  d - i e l e c t r i c  c o n s t a n t  

for a c o r e  was a l s o  r e p o r t e d  b y  Ileadcr,  e t  a l .  2 3  
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Dra i nage process 
(Desoturation) 

Core No. 

A 
A 

0,2 
WATER 

0.4 0.6 0.8 1.0 

SATURATION , f rac t ion  
FIGURE 6 - 3 .  WATSII SATURATION VS. CAPACITANCE PROBE SIGNAL IN A 

SYNTHETIC CONSOLICATED SANDSTONE CORE FILLED WITH' 
A I R  AND WATER AT ROOM TEXPEMTURE ( 2 5 O C )  
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The scat ter  a t  h igh  water c o n t e n t s  on F i g .  6- 3  s u g g e s t s  

t h e  need f o r  a norrr-alized graph of  t h e  form of F i g .  6- 2 .  Re- 

cause t h e  d a t a  for o n l y  c o r e s  No. 1, 3 ,  and 4 i n  F ig .  6- 3 i n-  

c luded  t h e  proSe s i g n a l  ( @  -aw> f o r  100 p e r c e n t  water s a t u r a t i o n ,  

the d a t a  for t h e s e  c o r e s  were regraphed as water s a t u r a t i o n  vs.  

n o r m l i z e d  proke s i g n a l .  The normalized s i g n a l  was d e f i n e d  a s  

t k e  Z a t i o  of  ths d i f f e r e n c e  o f  probe s i g n a l  from a d r y  c o r e  

a33 3 o a r t i a l l y - s l t u r a t e d  cone,  t o  the  d i f f e r e n c e  o f  t h e  probe 

s l z n a l  - frorr! z d u y  c o r e  and f u l l y  w a t e r- s a t u r a t e d  c o r e .  T h i s  

i s  sirnilar t o  frequency r a t i o  used on F i g .  5- 2.  

S 

where Qf: = rcr:.slized s i g n a l ,  f r a c t i o n  

@ s  - 
- k - u 3 s  s i g n a l  from a c o r e  f i l l e d  wi th  a i r  o r  steam, 
In'* 

= 3-p L d 3 s  s i g n a l  from a fully w a t e r- s a t u r a t e d  c o r e ,  mv w - 

rn ihp_ r e s u l t  i s  s:mwn i n  F ig .  6- 4. R e s u l t s  are graphed i n  t h e  

mamer  01 k 1 . 4 .  5- 2  because  t h e  c a l i b r a t i o n  curves  ~ 7 i l l  be used 

t o  de te rmins  x & x e r  s a t u r a t i o n  and t o  a i d  comparison. A s  c a n  

be  s e e n ,  t h e  d a t a  for t h e  t h r e e  c o r e s  a g r e e  wel l  a t  a l l  water 

s a t u r a t i o n s .  

- -7. 

Next,  t ~ 7 c  a d d i t i o n a l  f a c t o r s  were s t u d i e d .  It w a s  de- 

c ided  t o  use unconsol ida ted  sand c o r e s  t o  s tudy  l i t h o l o g v  
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FIGURE 6 -4 .  WATER SATURATION VS, PJORkILIZED PROBE 
SIGNAL I N  SYNTHETIC CONSOLIDATED SANDSTONE 
CORE AT ROOM TEXPERATURE (25OC) 
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effec ts  and t o  avoid problems wi th  h e t e r o g e n e i t y ,  and t h e n  t o  

perform c a l i b r a t i o n s  a t  e l e v a t e d  t empera tu res  t o  check t h e  tem- 

p e r a t u r e  e f fec t  on t h e  c a l i b r a t i o n .  

C a l i b r a t i o n s  were made i n  two d i f f e r e n t  sand packs.  One 

had a g r a i n  s i z e  r ang ing  from 1 8  t o  2 0  T y l e r  mesh, t h e  o t h e r  had 

a g r a i n  s i z e  r a n g i n g  from 2 0  t o  8 0  Ty le r  mesh. Sand w a s  packed 

i n t o  a 2 . 7  i n c h  d iameter  by 2 4  i n c h  long  t u b e  p- s i t i o n e d  h o r i z o n t -  

a l l y  i n  a n  a i r  b a t h .  Because t h e  sand pack was f i x e d  i n  a h i g h  

t e x p e r a t u r e  a i r  b 2 t h ,  t h e  weight  of t h e  c o r e  f i l l e d  wi th  a steam- 

water mixture  ccald n o t  be ob ta ined  by d i r e c t  weighing on a 

ba lance ;  Eq. 6-3  could n o t  be used t o  c a l c u l a t e  the water s a t u r a -  

t i o n  i n  t h e  core. A new equa t ion  based on mass b a l a n c e  was de-  

r i v e d  for c a l c E l a t i n g  water s a t u r a t i o n  i n  a c o r e  f i l l e d  w i t h  a 

steam-water m i - x ~ u r e  a t  h i g h  t empera tu res .  The d e r i v a t i o n  of 

t h i s  e q u a t i o n  is ? r e s e n t e d  i n  Appendix C .  The r e s u l t  i s :  

V 
W 

v m  

s w  P sw v -v 
- - (+ -1) (6-10 

where S = xatez s a t u r a t i o n ,  volume f r a c t i o n  of p o r e  volume 
W 

= ssecizlc volume of  water, c u  f t / l b  

v = S - - ~ C : Z ~ C I  volume of  steam, cu  f t / l b  . r .  

S 

m = t o t a l  mass of t h e  steam-water mix tu re  i n  t h e  c o r e ,  l b  

V = cme  volume of t he  core, c u  f t  
P A  

To use Eq. 6 - 1 0 ,  it i s  necessa ry  t o  measure V t empera tu re  ( o r  

p r e s s u r e )  and de termine  m by a mass b a l a n c e .  
P’ 

C a l i b r a t i o n  curves  were c o n s t r u c t e d  by g raph ing  water 

s a t u r a t i o n  v s .  normalized probe s i g n a l  (Eq. 6 - 9 ) .  Typica l  
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r e s u l t s  o f  s t a t i c  c a l i b r a t i o n  t e s t i n g  w i t h  a l a r g e  sand g r a i n  

s i z e  are shown i n  F i g .  6- 5 .  Typ ica l  r e s u l t s  wi th  a small sand 

g r a i n  s i z e  c o r e  are shown i n  F ig .  6- 6.  The scatter i n  t h e  

d a t a  f o r  b o t h  F i g s .  6- 5  and 6- 6 may be caused  by g r a v i t y  

segr?egation i n  the h i g h  p e r m e a b i l i t y  sand packs.  

The r e s u l t  of s u p e r p o s i t i o n  o f  t h e  two c a l i b r a t i o n  

curves  from F i g s .  6- 5  and 6- 6 i s  shown on F ig .  6-7, The re*- 

s u l t i n g  curve  i n d i c a t e s  t h a t  t h e  probe c a l i b r a t i o n  i s  n e a r l y  

independent  of sand g r a i n  s i z e  f o r  t h e  two sands used .  

We can ex21ore bo th  the  effects  o f  t empera tu re  l e v e l  

a-6 sands tone  ty?e by f u r t h e r  comparisons.  F i g .  6-8 shows t h e  

r e s u l t s  of s t a t i c  c a l i b r a t i o n  t e s t i n g  i n  a s y n t h e t i c  c o n s o l i-  

d a t e d  sands tone  core f i l l e d  w i t h  a i r  and water a t  room tempera- 

t u r e  superimpos?d on t h e  r e s u l t s  of  s t a t i c  c a l i b r a t i o n  i n  a 

small sand gnzin ,  unconsol ida ted  c o r e  f i l l e d  wi th  steam and 

water  a t  h i g h  t empera tu res .  One conc lus ion  which may be drawn 

from F i g .  6- 8 i s  t h a t  t h e  normalized probe c a l i b r a t i o n  curve  

i s  n e a r l y  i n B e c a d e n t  of t h e  o p e r a t i n g  t empera tu re ,  and the  

t y p e  of s z n l s t o n e  porous medium sur round ing  t h e  probe.  However, 

t h z  Forosity r z z g e  covered was l i m i t e d :  34 to 38%. Even so ,  

. .  t " ~ 3  1s a rz--wr- u-L.a-:L&le r e s u l t ,  and one of the  most impor tan t  f i n d-  

i n g s  of t h i s  s t u d y .  This  conc lus ion  i n d i c a t e s  t h e  h igh  poten-  

t i a l  of t h i s  d e v i c e  for geothermal  exper imen ta l  work. 

Another impor tant  r e s u l t  i s  that  the shape of the normal- 

i z e d  c a l i b r a t i o n  curves  on a l l  f i g u r e s  (Nos. 6-4 to 6-81 i s  

similar t o  t h e  computed curves  f o r  a d i e l e c t r i c  cementa t ion  

f a c t o r  from 1 t o  1 . 5  on Fig .  6- 2 ,  and a p p e a r s  l i n e a r  over  most 

of t h e  water s a t u r a t i o n  range .  
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These f i n d i n g s  dese rve  f u r t h e r  comnent. An over lay  

corngarisor! of  t h e  computed curves  on F i g .  6-2 w i t h  t h e  cal i-  

b n a t i o n s  on Fig.  6-8 i n d i c a t e s  good cor;lsarison with t h e  

cu rves  on F i g .  6- 2 f o r  a "cementation" f a c t o r ,  c ,  of u n i t y  t o  

1 . 2 5 .  Ll though it i s  r e a s s u r i n g  t h a t  such a good check be- 

twesr: a com9uted and measured c a l i b r a t i o n  was o b t a i n e d ,  son?e 

pro'slerns rernain. 9ne c a l i b r a t i o n  curve  was o b t a i n e d  for bo th  

ur:zSnsolFdatsd and c o n s o l i d a t e d  media- - indica t ing  a s i n g l e  

vallle of t h e  cezerLtation f a c t o r  between u n i t y  and 1 . 2 5 .  Th i s  

scgges ta  the  5zcesr "c" i s  misnamed, and t h a t  a l though  t h e  

form of t h e  ans,i;.7tical equa t ion  i s  c o r r e c t ,  t h e  p h y s i c a l  

i d e n t i f i c z t i o n  o f  p a r a n e t r i c  dependence nay n o t  be c o r r e c t .  

),nother p 3 r t i n e n t  o b s e r v a t i o n  i s  apparen t  independence 

of  t h e  c z l i 5 r z i i c n  from tempera tu re  l e v e l  dependence. I t  i s  

p o s s l b l e  t h a t  cr.2 exp lana t ion  m.ay be a tendency toward tem- 

p s r a t u r e  cor>>er!sz+ion i n h e r e n t  i n  t 5 e  probe des ign .  As tem- 

o e r s t u r e  r i s s s ,  t h e  a x i a l  brass rod  expands more t h a n  t h e  

~ l a t 5 d  elass sls=.th.  Th i s  causes  a d e t e c t a b l e  i n c r e a s e  i n  

t Y - 2  gap be:;.:es:: t h e  brass end c a p  and. t h e  s i l v e r - p l a t e d  g l a s s  

s>-eaf?-. Z ~ T ~ L L S  of  a c a l i b r a t i o n  of  t h e  probe i n  a i r  as  a 

:--?;,ion - .. 2: :-~.:zrature a re  given i n  Appendix I>, F i g .  D - 1 - 1 .  

 his effect a l ~ e a r s  i n  o p p o s i t e  d i r e c . t i o n  from t h e  change i n  

d i e l e c t r i c  c o n s t a n t  o f  water ( l i q u i d )  w i t h  t e m p e r a t u r e  change. 

I n v e s t i g a t i a ? .  of  t h e  n a t u r e  of t h i s  e f fec t  was beyond t h e  ob- 

j e c t i v e s  of t h i s  s t u d y ,  bu t  appear  i c t e r e s t i n g  enough t o  s e r v e  

as an o b j e c t i v e  i n  a c o n t i n u a t i o n  of t h e  s t u d y  of t h e  d i e l e c -  

t r i c  probe.  Q t h e r  i n t e r e s t i n g  ob jec t : ives  will be p resen ted  

l a t e r .  

.. 

. _  

- 
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Attem2ts ?:ere a l s o  made t o  p e r f o r n  s t a t i c  c a l i b r a t i o n  

t e s t s  i n  ti--e tvC)-fcot long  s y n t h e t i c  c o n s o l i d a t e d  sands tone  

cares f i l l e d  wit’. steam and water. These t e s t s  were unsuccess-  

f u l .  The problerr. ;.?as t h a t  l a r g e  s a t u r a t i o n  g r a d i e n t s  developed 

in t h e  low-2erm.eability c o r e s  when stear. and water were pro- 

d u z e l  t o  g e n e r a t s  d i f f e r e n t  water s a t u r a t i o n s .  

Because tYLe c a l i b r a t i o n  cu rves  showed t h a t  t h e  capac i -  

t z m e  ?robe ~ s r k s 6  s a t i s f a c t o r i l y  a t  h i g h  t empera tu re s ,  t h e  

?robe xas  US^ t o  n e a s u r e  water s a t u r a t i o n  i n  steady,  two-phase 

flow a2d d e p l e t i o n  experiments  with a s y n t h e t i c  c o n s o l i d a t e d  

sz;:;dstone c3’oe. The  r e s u l t s  o f  s teady,  two-phase flow expe r i-  

r e n t s  will k~ 2Tesznted i n  t h e  fo l lowing  s e c t i o n .  

6- 2  Steal:;, Z:.ro-Phase F l o ~ i  Experiments w i th  S y n t h e t i c  

ConsolFdats.2 Sz-,3stone Core. The s t e a d y ,  two-phase flow expe r i-  

ments were ?:n,rf-med a t  two d i f f e r e n t  arrbient  t empera tu re s  

( 2 9 5  and 3 3 3  - ). The t empera tu re  p r o f i l e s ,  s a t u r a t i o n  p r o f i l e s ,  

ra5s f l o x  TZSS. azd i n l e t  and o u t l e t  p r e s s u r e s  were r eco rded  

d - ~ r i n g  t h e  zxss r iments .  The e x p e r i r m n t a l  r e s u l t s  a re  p r e s e n t e d  

Lx A?r;endix 2- 2 .  Typ ica l  t empera tu re  p r o f i l e s  are shown i n  

F i g s .  6-2 x . 2  E-IC, v h i l e  t y p i c a l  w a t e r- s a t u r a t i o n  p r o f i l e s  

a-3, shown L- F i g s .  6 - 1 1  and 6 - 1 2 .  

,-G, 

A s  :.ic\lild 5s  expec ted ,  t h e  r e s u l t s  a g r e e  with t h e  concept  

t h a t .  f low 3 5  cor-.?-ressed water ( s i n g l e  phase)  i n  t h e  porous 

media should S e  i so the rma l .  Fig. 6 - 1 1  i n d i c a t e s  z water s a t u-  

r a t i o n  o f  u n i t y  t o  abou t  1 6  i nches  from t h e  i n l e t  end o f  t h e  

c o r e ,  f o r  Rim Y o .  1, whi l e  F ig .  6- 9 i n d i c a t e s  a lmos t  c o n s t a n t  
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Apparent boiling front 

I.L Run No.1 

Run I n j e c t i o n  Ambient 
-- 30. ?ass Rate Tenperature  Temp. I 

1 3 2 gm/min 294OF 297OF 
- 9  7 . 0  339OF 336OF 

Inlet O u t l e t  - Tress. P ress .  

1 7 9 . 0  p s i g  1 2 . 0  p s i g  
2 105.0 21.0 p s i g  

1 1 I I I I I I .  I 1 1 
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DISTANCE FROM INLET, inches 

FIGURE 6 - 9 .  TE?<?ZR4TURE VS. DISTANCE FOR STEADY, TWO- 
F'FASE: FLOW EXPERIMENTS (RUNS 1 & 2 )  WITH 
SYXTrn - : ~ ~ I ? E T I C  CONSOLIDATED SANDSTONE CORE 
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ter? .perature t o  t h e  same d i s t a n c e s  f o r  liun No. 1. k l g .  6-3 -. 

i n d i c a t e s  i s o t h e r m a l  behavlo-r t o  a d i s t a n c e  o f  S inches  from 

t h e  i n l e t  for R u n  Mo. 2 ;  k i g .  6 - 1 1  i n d l c a t e s  a wa te r  s a t u r a -  7 

t i o n  of  about  0 . 9 5  t o  u n i t y  for t h e  f i r s t  k - 5  i n c h e s  of t he  

c o r e .  Th i s  ind ica tes  t h a t  t h e  s e n s i t i v i t y  0 5  vater s a t u r a -  

t i o n  d e t e r m i n a t i o n  may be  on  t h e  o r d e r  o f  - t 5  p e r c e n t  of pore 

volune water c o n t e n t .  

On t h e  otl ler han8, s l - v i f i c a n - t  change i n  t e a p e r a t u r e  

e;Lth?in the tvo-phase  b o i l i n g  flow r e g i o n  i s  c h a r a c t e r i s t i c  

for 111 runs. Ykfer r ing  t o  F ig .  6- 11 ,  t h e  vapor s a t u r a t i o n  

i:.crn_ases beyond t h e  baF1Fr.g f r o n t .  The vapo" s a t u r a t i o n  a t  

tYLe end i n c r e a s e s  with- i n i t F a l  r e s e r v o i r  temgera ture .  

A s t r a r -ge  drop in ar,?arent water s a t u r a t i o n  a t  11 i n c h e s  

f r on  t h e  i n l e t  i s  ev iden t  f o r  Runs 2 ,  3 ,  and 4 on F i g s .  6- 18 

and 6- 1 9 .  T h i s  nay be  due to inhomogeneity of  t h e  s y n t h e t i c  

c o 3 s o l i d a t e d  sands tone  c o r e ,  because t h i s  corresponded t o  

p e r m e a b i l i t y  ck?ange o f  t h e  co re  ( s e e  F i g .  6 - 1 9 ] .  

Based c.n t h e  assumptions of  a n  i s e n t h a l p i c  p r o c e s s  for 

s t e a d y ,  two-phase flow, and no vapor p r e s s u r e  lower ing  a t  

hi$ water ' s a t u r a t i o n s ,  t h e  t empera tu re  p r o f i l e s  shown i n  

F i g s .  6-9 and 6-16 (and vapor p r e s s u r e s  from. steax t a b l e s )  

were used t o  c a l c u l a t e  t h e  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 

a~ycl w a t e r .  The 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  i s  g i v %  by ( s e e  

Eq. 2-1.1 1 : 
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h-h,, 

where f = - ( s e e  E?. 2- 6 1  
s -hw 

and f i s  t h e  mass f r a c t i o n  o f  t h e  t o t a l  f l O k 7  strram which is 

vapor. 

I n t r o d u c i n g  t h e  a b s o l u t e  p e r m e a b i l i t y ,  k ,  o f  t h e  core. 
7 . -  r u l e d  w i t h  \cater, E q .  6 - 1 1  may be  writter? as: 

T in t h e  two-phase flow r e g i o n ,  t h e  f o l l o v i n g  equa t ion  i s  also 

v a l i d  (see  E q .  2 - 1 0 ) :  

%7 I n t r o d u c i n g  - frorr! E q .  6- 12  i n t o  E q .  6- 13 and rearrang- IC 
i n g ,  t h e  result i s :  

kS wf P s V s  - = 14.0 - k Ak ( 9 )  
dx 

where w = mass flow ra te ,  gm/min 

1-1 = v i s c o s i t y ,  c p  

v = s p e c i f i c  volune,  cc/grn 

A = cross s e c t i o n a l  area, c m  

x = d i s t a n c e ,  cm 

k = aSso lu te  pe rmeab i l i t y ,  md 

r, = c o r e  p r e s s u r e  In two-phase r e g i o n ,  a t m  

2 
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Because a l l  p a r a x e t e r s  on t h e  r igh t- hand  s i d e  of Eq,. 

6- 14 are known, t h e  r e l a t i v e  p e r m e a b i l i t y  t o  stearr! can be 

c a l c u l a t e d .  The r e l a t i v e  p e r m e a b i l i t y  t o  water  c a n  be ob- 

t a i n e d  from E q .  6- 1 2 .  To demonst ra te  this t e c h n i q u e  for 

measur ing  r e l a t i v e  p e r m e a b i l i t i e s  t o  s t e a n  and wa te r  i n  2- 

f o o t  long  c o n s o l i d a t e d  sands tone  c o r e s ,  t h e  data f o r  Fun 

Nc. 2 was s e l e c t e d  for c a l c u l a t i o n  because  it had a l a r g e  

s a t u r a t i o n  v a r i a t i o n .  Table  6 - 1  p r e s e n t s  t h e  c a l c u l a t i o n  

results for ?,UR Yo. 2 for a s y n t h e t i c  c o n s o l i d a t e d  sands tone  

core. Thus,  con3in ing  t h i s  data with t h e  measured water 

s s t u r a t i o n s ,  r e l a t i v e  p e r m e a b i l i t y  cu rves  f o r  steam and water 

fior.? c a n  be c o n s t r u c t e d .  The r e l a t i v e  p e r m e a b i l i t y  cu rves  

so c o n s t r u c t e d  a re  for a d r a i n a g e  p rocess  because t h e  l i q u i d  

bjater s a t u r a t i o n  decreased  due t o  art i n c r e a s e  i n  the steam 

flow. 

The r e s u l t s  i n  Table  6 - 1  d e s e r v e  f u r t h e r  d i s c u s s i o n .  
- 
I t  i s  no t  obvious  t h a t  one c a n  s imply graph the  r e l a t i v e  

p e r r . e a b i l i t i e s  v s .  water s a t u r a t i o n  i n  t h e  conven t iona l  manner. 

The i n c r e a s e  I n  steam s a t u r a t i o n  i n  t h e  two-phase fl.ow r e g i o n  

KZS a r e s u l t  o f  a p r e s s u r e  and a t t e n d a n t  t e m p e r a t u r e  drop.  

T~* .Ls  eac5 re lae- ive  p e r n e a b i l i t y  v a l u e  i n  Table  6 - 1  i s  for a 

d i f f e r e n t  t e x T e r a t u r e .  Because it has been shown t h a t  rela- 

t i v e  pe rmeabLl i t i e s  i n  sands tones  a re  f u n c t i o n s  of  t e m p e r a t u r e  

l e v e l ,  it i s  l i k e l y  tha t  each p o i n t  i n  Tab le  6- 1  i s  a p o i n t  from 

a l i n e  d i f f e r e n t  from t h a t  o f  t h e  o t h e r  p o i n t s .  I t  i s  p o s s i b l e  

t o  e x p l o r e  t h e  n a t u r e  of r e l a t i v e  p e r m e a b i l i t y  cu rves  by u s i n g  

known e q u a t i o n s  for d r a i n a g e  flow processes. F i r s t ,  w e  w i l l  

..review briefly some p e r t i n e n t  s t u d i e s .  



- 7 5 -  

Coreyii2 i n d i c a t e d  t h a t  f a r  a l l  r e l a t i v e  p e r m e a b i l i t i e s ,  

Burdine's Equation (?\e:. 4 3 )  f o r  t o r t u o s i t y  can b e  comSined 

with t h e  Yozeny-Karrr-an ecluations t o  express t h e  r e l a t i v e  

t o  water 

k =  rw 

as: 

ISW W 

0 PC 

PC = capi l la ry  p r e s s u r e  of  t h e  core corresponding 
t o  wa te r  s a t u r a t i o n ,  Sb7 

For the r e l a t i v e  p e r m e a b i l i t y  t o  gas :  

(1- 
s -s 2 
w wi 

Sm-Swi 1 

m lhe Sm was d e f i n e d  as: 

sm = 1-s 
gc 

xhere  S = cy i t i ca l  g a s  s a t u r a t i o n  
gc 

(6-15) 

(6-16) 

(6-17) 

If S i s  assumed n e g l i g i b l e ,  or i f  Sn! i s  assuned t o  
gc 

be unity, Ea_. 6- 1 6  becopes 
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IL 0 dSIj PC 2 

(6-18) 

(1-s f:) 2 
W 

-+ dS f: 

0 PC 

( 6 - 2 0 )  

w:??zre (k = relative p e r m e a b i l i t y  t o  water for a d r a i n a g e  
r b i  .&r process  

(k- - = relative permeabilLty t o  gas  for a d r a i n a g e  rg ar  proces s  

m,  ne i n t e g r a l s  i n  Eqs. 6-19 and 6- 20 can be  eva lua t ed  

f o r  a ~ P . Q W ~  pore  s i z e  d i s t r i b u t i o n  index,  X. This work, 

Or ig iEa ted  b y  Corey and co-workers , vas summarized by 

S t a n d i n &  . The results a r e :  

4 9  

44 
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For  t h e  vater: 

2+x - 
( 6 - 2 2 )  

E'GF a pore  s i z e  d i s t r i b u t i o n  index,  A of 2 as  used b y  Corey, 

7- 2 5 s .  6 - 2 1  and. 6- 22 ,  become 

6 2 s .  6- 23  and 6- 24  are known as t h e  "Corey Equat ions ."  The 

r e l a t i v e  p e r m e a 3 i l i t y  t o  gas  can  be ob t a ined  from Eq.  6- 2 2  i f  

a r e l a t i o n s h i ?  between gas  pe rmeab i l i t y  a t  i r r e d u c i b l e  water 

s a t u r a t i o n  and a b s o l u t e  pe rmeab i l i t y  i s  known. Stand ing  44  

?-2seFtec! an e n p e r i c a l  equa t ion  for Frred.ucib le  water s a t u r a -  

t i Q n  va lue s  between 0 . 2  and 0 . 5 .  2 1 2  r e s u l t  for t h e  r e l a t i v e  

pe rmeab i l i t y  t o  gas i s :  

Based on t h e  exper imenta l  r e l a t i v e  p e r m e a b i l i t y  and 

water s a t u r a t i o n  data from t h i s  s t u d y ,  t h e  i r r e d u c i b l e  water 
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s a t u r a t i o n  can b e  c a l c u l a t e d  by u s i n g  Eq. 6- 2 1  and t h e  d e f i -  

n i t i o n  af S A for de te rmin ing  a v a l u e  of  X .  Because for a 

wide r ange  of  pore  s i z e  th2e d i s t r i b u t i o n  index ,  X ,  i s  known 

t o  r a g e  from 0 . 5  t o  2 ,  d i s t r i b u t i a n  i n d i c e s ,  X ,  o f  0 . 5 ,  0 . 7 5 ,  

and 2 . 0  we17e used for c a l c u l a t i o n s .  The r e s u l t s  of t h e s e  

c a l c u l a t i o n s  are  shown i n  Tab le  6- 2 .  

w 

The r e s u l t s  i n d i c a t e  t h a t  t h e  i r r e d u c i b l e  wa te r  s a t u r a-  

t i s n  f o r  the s y n t h e t i c ,  conso l i da t ed  sands tone  c o r e  appear-  

t o  Se ve ry  large ( g r e a t e r  t h a n  6 0  pertcent).  Yany r e c e n t  

studies have observed an  i n c r e a s e  i n  i r r e d u c i b l e  wa te r  s a t u r a-  

t i o n  x i t h  t empe ra tu r e  i n c r e a s e .  Poston,  e t  r e p o r t e d  

t h a t  F r a c t i c a l  i r r e d u c i b l e  water s a t u r a t i o n  i n c r e a s e d  x i t h  

i n c r e a s i n g  t empe ra tu r e  for o i l - w a t e r  f low i n  unconso l ida ted  

sandstclnes. Weinbrandt,  e t  a l .46 ,  a l so  found that  t h e  i r r e -  

d u c i b l n  wate r  s a t u r a t i o n  i nc r ea sed  w i t h  i n c r e a s i n g  t empe ra tu r e  

for o i l - w a t e r  flox i n  conso l i da t ed  Boise s ands tones .  Cassg 

and 2 m e y  , and l a t e r ,  Arum4*,  r e g o r t e d  t h a t  t 3 e  & s o l u t e  

p e r r . o a b i l i t y  o f  sands tones  t o  water decreased  with i n c r e a s i n g  

t e x p e r a t u r e .  It appea r s  t h a t  t h e  sands tone  becomes no re  water 

wet zt his:? t e n p e r a t u r e s .  Th i s  agreed  w i t h  f i n d i n g s  by Sin- 

nok ro t  

4 7  

5 0 , 5 1  

Although t h e  r e s u l t s  o f  t h i s  s t u d y  appear  t o  agree i n  

p r i n c i p l e  with p r ev ious  s t u d i e s ,  i . e . ,  that  SI,Ti i n c r e a s e s  with 

i n c r e z s i n g  t e E p e r a t u r e ,  no s p e c i f i c  in format ion  vas found i n  

t h e  l i t e r a t u r e  for steam-water systems.  The r e s u l t s  i n  Tab le  

6- 2 n u s t  he  cons ide red  p r e l im ina ry ,  b u t  they are a l s o  unique.  

I t  i s  p o s s i b l e  t o  proceed f u r t h e r  toward development o f  complete  

r e l a t i v e  pe rmeab i l i t y  cu rves  for s p e c i f i c  t e n p e r a t u r e  l e v e l s .  
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Based on t h e  c a l c u l a t e d  i r r e d u c i b l e  water s a t u r a t i o n ,  

r e l a t i v e  p e r m e a b i l i t y  cu rves  were c a l c u l a t e d  u s i n g  Corey’s  

e q u a t i o n s  ( X = 2 ) .  The exper imen ta l  r e l a t i v e  p e r m e a b i l i t y  cu rves  

for steam m d  water s o . o b t a i n e d  a r e  shown on F i g .  6- 13  by t h e  

solid and dashed l i n e s .  Some d a t a  p o i n t s  from Table 6- 1  are 

a l s o  shown. A r e a s o n a b l e  comparison r e s u l t s .  

Development o f  t h e  r e l a t i v e  p e r m e a b i l i t y  cu rves  shown on 

F i g .  5- 13 was n o t  an o b j e c t i v e  of  t h e  p r e s e n t  s tudy .  It d i d  

seem worthwhile t o  e x p l o r e  one p o s s i b l e  way t o  develop  such i n-  

format ion  when t he  o p p o r t u n i t y  a r o s e ,  because it was the i n t e n-  

t i o n  t o  o b t a i n  such in fo rmat ion  i n  t h e  n e x t  phase of  t h i s  r e s e a r c h  

p r o j e c t .  If t h i s  method i s  pursued f u r t h e r ,  s e v e r a l  s t e p s  could  

l e a d  t o  improvements. First, it would b e  d e s i r a b l e  t o  measure 

c a p i l l a r y  p r e s s u r e  curves  for d e s a t u r a t i o n  o f  core samples wi th  

stean over  a range i n  t empera tu re .  These curves  could  be used 

t o  o b t a i n  t h e  pore  s i z e  d i s t r i b u t i o n  index , ,  X .  Second, it would 

be d e s i r a b l e  t o  o b t a i n  in fo rmat ion  over  a b roader  steam s a t u r a -  

t i o n  range .  This  might be achieved by u s i n g  porous media w i t h  

lower i r r e d u c i b l e  water s a t u r a t i o n s ,  and by o p e r a t i n g  w i t h  a 

l a r g e r  pressure d i f f e r e n c e .  

It i s  clear t h a t  t h e  apparen t  h i g h  i r r e d u c i b l e  water 

s a t u r a t i o n s  ob ta ined  from t h e  in fo rmat ion  on Fig .  6- 13 may n o t  

be r e a l .  C a p i l l a r y  p r e s s u r e  measurements should  go a long way 

toward s e t t l i n g  t h i s  q u e s t i o n .  

Another obvious conc lus ion  i s  t h a t  t h e  s t e a d y- s t a t e ,  

two-phase f low exper iments  used t o  o b t a i n  F ig .  6- 13  may n o t  be 

t h e  b e s t  way t o  o b t a i n  r e l a t i v e  p e r m e a b i l i t y  d a t a  for steam-water 

systems.  One a l t e r n a t e  way would be by c a l c u l a t i o n  from t h e  

Brooks and Corey4’ method w i t h  c a p i l l a r y  p r e s s u r e  informat ion .  
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Perhaps a n  i n t e r e s t i n g  way t o  c a l i b r a t e  the  d ie lec t r ic  con- 

s t a n t  probe would be  b y  immersing it i n  a core i n  a steam- 

water c a p i l l a r y  p r e s s u r e  d e s a t u r a t i o n  exper iment .  

We t u r n  now t o  c o n s i d e r a t i o n  of t h e  r e s u l t s  o f  t h e  

bate:?-type d e p l e t i o n  exper iments .  

6- 3 Deple t ion  (Batch) Experiments 

Two exper iments  were performed with i n i t i a l  core tern-- 

F e r a t u r e s  o f  295OF (Run No. 11, and 34OoF (Run No. 2 ) .  The 

exper imen ta l  procedure  was p resen ted  i n  S e c t i o n  5 . 5 .  The 

e x p r i m e n t a l  dzta (temperature, s a t u r a t i o n ,  cumula t ive  water 

p roduc t ion ,  and i n l e t  and o u t l e t  p r e s s u r e s )  are p r e s e n t e d  i n  

Appendix D-3. Temperatures i n s i d e  the  c o r e  are shown i n  F i g s .  

6- 14 and 6- 15 .  The s a t u r a t i o n  h i s t o r i e s  are shown i n  F i g s .  

6-15 and 6- 17 .  R e f e r r i n g  t o  F i g s .  6-16 and 6- 17,  b o i l i n g  

s ta r t s  a t  t h e  producing end (extreme r i g h t )  , and g r a d u a l l y  

s p r e a d s  t o  t he  c l o s e d  end o f  t h e  c o r e  (ext reme l e f t ) .  A t  

l o n g e r  product ion  times, a steam zone forms nea r  t h e  producing  

end. Sometimes a small r e g i o n  of h i g h  vapor  s a t u r a t i o n  forms 

a t  t h e  c l o s e d  end due t o  h e a t  conduct ion  t h r o u g h  t h e  end p l u g .  

Regarding t h e  t empera tu re  p r o f i l e s  ( F i g s .  6-14 and 6- 15)  , 
t e n p e r a t u r e  d e c r e a s e s  a t  t h e  c l o s e d  end d u r i n g  t h e  e a r l y  pro- 

d u c t i o n  pe r iod .  The t empera tu re  n e a r  t h e  producing  end t e n d s  

t o  i n c r e a s e  toward t h e  i n i t i a l  (or ambient )  t e m p e r a t u r e  d u r i n g  

long  p roduc t ion  times, a l s o  due t o  heat conduc t ion  t h r o u g h  t h e  

end p lug .  This  i s  more apparen t  i n  F ig .  6- 15 t h a n  i n  F i g .  

6- 14 .  The steam zone i n d i c a t e d  from s a t u r a t i o n  measurements 

a g r e e s  well with i n f e r e n c e s  from t e m p e r a t u r e  measurements. 

The main o b j e c t i v e  o f  t h e s e  expepiments w a s  t o  supp ly  
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p h y s i c a l  d a t a  for comparison wi th  numer ica l  model s o l u t i o n s  

f o r  s a t u r a t i o n  and t empera tu re  p r o f i l e s .  No similar s a t u r a -  

t i o n  measurements for steam-water flow have been made i n  con- 

s o l i d a t e d  sands tone  t o  our  knowledge. 

One o t h e r  xnique experiment  was performed t o  a i d  p l a n n i n g  

f o r  t h e  n e x t  phase o f  t h i s  research p r o j e c t .  A b a t c h  exper iment  

w i t h  p roduc t ion  of steam from a b r i n e  reservoir  w a s  performed. 

This  experiment  was in tended  t o  pe rmi t  a p r e l i m i n a r y  s tudy  of 

the impor tan t  c h a r a c t e r i s t i c s  o f  o p e r a t i n g  b a t c h  p r o d u c t i o n  ex- 

per iments  when t h e  c o r e  i n i t i a l l y  con ta ined  a b r i n e .  

6-L Brine Experiment 

The exper imen ta l  procedure  was p r e s e n t e d  i n  S e c t i o n  5- 6.  

For convenience,  t h e  procedure involved f i l l i n g  t h e  co re  w i t h  

a 1 2 , 0 0 0  ppm sodium c h l o r i d e  s o l u t i o n  and t h e n  producing  it 

as i n  the b a t c h  d e p l e t i o n  exper iments .  I n  a d d i t i o n ,  the  resis- 

t i v i t y  of t h e  produced l i q u i d  was measured d u r i n g  t h e  r u n  w i t h  

a d i p  c e l l  c o n d u c t i v i t y  meter. Af te r  an i n i t i a l  d e p l e t i o n  r u n ,  

t h e  c o r e  was r e h e a t e d  and a n o t h e r  p roduc t ion  c y c l e  fo l lowed.  

A t  the  end o f  t h e  exper iment ,  t h e  c o r e  w a s  d r y .  The core was 

then  c u t  i n t o  e l even  two- inch s e c t i o n s  and the p e r m e a b i l i t y  t o  

n i t r o g e n  measured with p r e c i p i t a t e d  sa l t  i n  p l a c e  and a g a i n  

a f t e r  removal o f  the  sa l t  by c i r c u l a t i o n  i n  d e i o n i z e d  water 

and d r y i n g .  

The amount of s a l t  d e p o s i t e d  i n  each c o r e  p l u g  was de-  

termined by f i r s t  measuring t h e  r e s i s t i v i t y  of each pore  volume 

of t h e  i n j e c t e d  de ion ized  water e f f l u e n t .  Then a c a l i b r a t i o n  

curve  of s a l t  c o n c e n t r a t i o n  vs .  d i p  c e l l  c o n d u c t i v i t y  
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n e t e r  r e a d i n g  was used.  F i n a l l y ,  t h e  t o t a l  d e p o s i t e d  salt  i n  

t h e  core was o b t a i n e d  by su-xing up t h e  s a l t  i n  each pore  

v0l.m.e of  t h e  in jec ted .  water e f f l u e n t .  The c a l i b r a t i o n  cuzve 

i s  shown i n  Appendix 9-4, F i g .  D- 4- 1 .  The s a l t  c o n t e n t  of  

e f f l u e n t  ir. Fig .  9-4-1 was o b t a i n e d  by e v a p o r a t i n g  t h e  i n j e c -  

t e d  water e f f l u e n t  and weighing t h e  d e p o s i t e d  s a l t .  The ex- 

p e r i n e n t a l  procedures  for measuring gas  p e r m e a b i l i t y  and s a l t  

c o r ~ r e n t  a r e  p resen ted  i n  Appendix E .  The d e t a i l e d  r e s u l t s  

of  th?is  experiment  are  p resen ted  below. 

The r e s i s t i v i t y  of  t h e  produced water i s  shown i n  F i g .  

6-13, and i s  a l so  p resen ted  i n  Appendix D - 4 .  q e s u l t s  show 

t h a t  t h e  produced water becomes f r e s k e r .  a f t e r  each. p roduc t ion  

run. T h i s  i s  not  s u r p r i s i n g  because t h e  steam c a r r i e s  l i t t l e  

s a l t .  Thus t h e  r e s u l t s  also i n d i c a t e  t h a t  more steam was pro-  

duced i n  each succeeding p roduc t ion  r u n .  

The gas p e r m e a b i l i t y  of  t h e  c o r e  w i t h  d e p o s i t e d  s a l t  

i n  ? l a c e  i s  s'n0.n.n i n  F ig .  6- 1 9 .  The r e s u l t s  of  t h e  gas pe r -  

r r ,ea>i l i ty  neasurements  for t h e  c o r e  c o n t a i n i n g  sa l t  and a f t e r  

salt e x t r a c t i o n  are  p resen ted  i n  Table  6-3. The p e r m e a b i l i t y  

r e su l t s  i n d i c a t e  t h a t  t h e  p e r m e a b i l i t y  o f  t h e  c o r e  i s  n o t  

a f f3ete l  by salt d e p o s i t i o n  for t h e  g iven  sys t em.  Th i s  i s  

n o t  g r e a t l y  s u r p r i s i n g .  The l a r g e s t  salt c o n c e n t r a t i o n  nea- 

s u r e d  a t  t h e  outf low end o f  t h e  core was 0 . 0 1 1  g d c c  pore space .  

S i n c e  t h e  s p e c i f i c  g r a v i t y  of  sal t  i s  2 . 1 6 3 ,  t h i s  cor responds  

t o  a s a l t  " s a t u r a t i o n"  of  0 . 0 0 5  f r a c t i o n  of pore volume. 

The amount of s a l t  de?os i t ed  i n  t h e  c o r e  i s  shown i n  

F i g .  6- 2 0 ,  and i s  a l s o  p resen ted  i n  Appendix D- 4 .  Th i s  r e s u l t  

shows t h a t  most s a l t  d e p o s i t s  n e a r  t h e  producing end,  as would 

be expected .  
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T a b l e  6- 3.  Gas Pe rmeab i l i t y  of t h e  Core wi th  S a l t  Preci- 
p i t a t e  and a f t e r  S a l t  E x t r a c t i o n  

S a l t  Concent ra t ion  
gm/cu cm pore  volume P e r m e a b i l i t y  t o  Xi t rogen ,  md Sarnple 

No. x l o 3  w i t h  S a l t  S a l t  Free 

1 
A 4 . 8 2 4  7 2 . 7  6 3 . 1  

2 - 4 2 . 5  - 
3 4 . 3 9 1  5 0 . 9  51 .5  

2 5 . 5 0 0  3 9 . 9  - 

5 - 6 1 . 3  - 
6 6 . 1 6 7  9 4 . 0  8 9 . 8  

8 

9 

1 0  

I1 

7 . 0 0 0  

7 . 5 4 7  

7 . 4 3 3  

1 1 . 1 2 6  

9 4 . 2  - 
8 4 . 2  8 4 . 8  

9 1 . 8  9 1 . 2  

1 1 0 . 0  1 1 0 . 3  
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F i g .  6 - 2 1  shows t h e  s a l t  d i s t r i b u t i o n  and gas  permea- 

b i l i t y  of  t h e  c o r e .  It may be seen  from F i g .  6- 2 1  t h a t  t h e  

s a l t  d e p o s i t i o n  i n . t h e  c o r e  does n o t  depend on core permea- 

b i l i t y .  An i n v e s t i g a t i o n  o f  t h e  effect  of s a l t  d e p o s i t i o n  on 

c o r e  p e r m e a b i l i t y  for h igh  c o n c e n t r a t i o n  b r i n e s  w i l l  become 

an i x p o r t a n t  o b j e c t i v e  of  c o n t i n u i n g  work on th i s  p r o j e c t .  

F i n a l l y ,  a t t e m p t s  were made t o  measure l i q u i d  c o n t e n t  

wi th  t h e  probe d u r i n g  t h e  b r i n e  p roduc t ion  exper iment .  Unfor- 

t u n a t e l y ;  t h e  r e s u l t s  were poor ,  and are n o t  p r e s e n t e d  h e r e i n .  

This s o r t  of measurement w i l l  be pursued i n  t h e  n e x t  phase 

of  t h i s  p r o j e c t .  T h e o r e t i c a l l y ,  t h e  probe c a l i b r a t i o n  should  

h a r d l y  be a f f e c t e d  by b r i n e  c o n c e n t r a t i o n ,  b u t  e r r a t i c  r e s u l t s  

sugges ted  some dependence on b r i n e  c o n c e n t r a t i o n .  
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7 .  CONCLUSIONS 

Based on t h e  exper imenta l  and c a l c u l a t e d  r e s u l t s ,  t h e  

conc lus ions  of  t h i s  s tudy  a re  as fo l lows :  

(1) The normalized probe c a l i b r a t i o n  curve i s  n e a r l y  

i n d e p n d e n t  o f  e i t h e r  the  o p e r a t i n g  t empera tu re  or the  t y p e  of  

sands tone  porous i-iledia sur rounding t h e  probe .  (This  remarkable 

r e s u l t  i n d i c a t e s  t h e  h igh  p o t e n t i a l  o f  t h i s  dev ice  for geo- 

the rmal  e x p e r i n e p t a t i o n  bo th  i n  t h e  lab  and i n  t h e  f i e l d . )  

( 2 )  The shape of  t h e  exper imen ta l  normalized c a l i b r a -  

t i o n  curve  i s  s in i la r  t o  a computed c a l i b r a t i o n  curve ,  and 

appears  a lmost  l i nea r  over  most o f  t h e  s a t u r a t i o n  range .  

(3) A s  observed by A r i h a r a  2 , a l a r g e  t empera tu re  g ra -  

d i e n t  was found i n  t h e  two-phase f low regime i n  bo th  s t e a d y  

and b a t c h  ex;erimznts i n  t h e  synthetic,'consolidated-sandstone 

c o r e .  

( 4 )  The vapor s a t u r a t i o n  i n  t h e  s t e a d y ,  two-phase flow 

regime i n c r e a s e d  downstream from t h e  b o i l i n g  f r o n t .  The h i g h e r  

t h e  i n i t i a l  r e s e r v o i r  t empera tu re ,  t h e  g r e a t e r  the vapor satura- 

t i o n  n e a r  t h e  producing end. 

( 5 )  The i r r e d u c i b l e  :ga-tt-;r s a t u r a t i o n  appeared t o  be  very  

l a r g e  ( 6 4  t o  8 7 %  o f  ?ore volume) f o r  steam-water flow i n  t h e  

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 .  I r r e d u c i b l e  water s a t u r a -  

t i o n  as i n f e r r e d  from d a t a  matching w i t h  Corey- type e q u a t i o n s  

appeared t o  i n c r e a s e  wi th  t empera tu re ,  and r e l a t i v e  
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aexxeab i l i ty  cu rves  c o ~ p u t z d  from Corey ' s  equa t tons  were ten- 

7 O ' P = + . , n  b-A - - &_  e dependent .  

(6) 3e te rn ina tLon  o f  r e l a t i v e  p e r m e a b i l i t y  from s t e a d y  

- f l a x  nx2eriments  w i t h  i n - p l z c e  water s a t u r a t i o n  measurement 

c; \: = - s a t i s f a c t o r y  r e s ? d t s ,  3ut it is l i k e l y  t h a t  a n  optimum 

ex;2?iFnent was rLot performed i n  t h i s  s t u d y .  C a p i l l a r y  p r e s-  

s u r e  n e a s u r e n e n t s  for steam Z e s a t u r a t i o n  of a w a t e r - f i l l e d  

c z r s  nay y i e l d  5 s t t e r ,  o r  ccxDlementary, r e s u l t s .  

( 7 )  r . 3 ~ 2 ~  steaF. a26 :cater were produced from. a s y n t h e t i c  

cc7-solLdated cor? i n i t i a l l y  f i l l e d  with h o t  col-Ilpressed water,  

' ~ C L ~ _ L ? : %  occu r r sz  at t5e p-roducing end o f  t h e  c o r e  and gradu-  

a l l y  spread  to t h e  c l o s e d  end of  the  c o r e .  A d ry  steam zone 

tcrzer2 n e a r  t 3 e  2roducing end a f t e r  long product ior?  times. 

( 8 )  Ir. 5 z t c h  expeTip.ents i n i t i a l l y  con ta i r , ing  1 2 , 0 0 0  

p z n  - -  >Fine, s a l t  d e p o s i t i Q n  i n c r e a s e d  with i n c r e a s i n g  d i s t a n c e  

f rzr ;  t h e  c l o s e 5  end of t h e  c o r e .  

( 9 )  T b e  p e r m e a 3 i l i t y  of t h e  c o r e  t o  gas d i d  no t  a p p e a r  

t o  5 %  a f f e c t e d  by  sa l t  d e p o s i t i o n  for t h e  subject system. The 

nzxizurn sa l t  d e 2 o s i t  forned was 0 . 0 1 1  gm/cc pore space, cor- 

responding t o  a volume s a tu ra t i on  of only 0 . 0 0 5  f r ac t ion  of 

pore V O ~ U . . ~ .  
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NOMENCLATURE 

E n g l i s h  

A = a r e a ,  c m  2 

C = c a p a c i t a n c e  o-f e l ec t r i c  c i r c u i t ,  p i c o f a r a d  

cP = t o t a l  c a p a c i t a n c e  of t h e  probe 

C = for?mtion d i e l e c t r i c  c o n c e n t r a t i o n  and p o l a r i z a t i o n  
f a c t o r  (see E q .  6-11 

E = i n t e r n a l  energy 

f = mass f r a c t i o n  of  t o t a l  f low stream which i s  vapor  

f, 
l.5 = a c c e l e r a t i o n  due t o  g r a v i t y  

= r e s o n a n t  frequency 

h = en tha lpy ,  B t u / l b  

k = p e r m e a b i l i t y ,  m i l l i d a r c y s  

kr 

Km 

= r e l a t i v e  p e r m e a b i l i t y  

= t h e r m a l  c o n d u c t i v i t y  of rock ,  l i q u i d  and vapor 
mix tu re  

L = i nduc tance  of c i r c u i t ,  henry  

n = mass t r a n s f e r  r a t e  from l i q u i d  t o  vapor phase 

m = mass 

n = c o n c e n t r a t i o n  ( s e e  Eq. 2 - 2 1  

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

= c a p i l l a r y  p r e s s u r e  

t = time 

T = t empera tu re ,  OF 

Ti = i n i t i a l  t empera tu re ,  OF 

U = flow v e l o c i t y  



= die1zc-tri.c c o n s t a n t  of materials o r  phases  

= 2 i e l e c t r i c  c o n s t a n t  o f  purle water 

= dellsity 

= v i s c D s i t y  

= p o r o s i t y  

= proSe s i g n a l ,  mv 

= n o r n a l i z e d  s i g n a l ,  f r a c t i o n  ( s e e  E q .  6 - 9 1  

= g r a d i e n t  

= gore s i z e  d i s t r i b u t i o n  factor 

Cr = d r a i n a g e  process (desa tu ra t ion)  

7 
-L = 2 , rac t i ca l  i r r e d u c i b l e  

,fa = l i q u i d  

m a  = n a t r i x  of  r o c k  

S = steam 

W = water 



1. 

2. 

V .  
2 

4. 

5. 

6 .  

7. 

e .  

9. 

10. 

11. 

12. 

-99- 

REFERENCES 

32ker,  P.E.: "Effec t  of P r e s s u r e  and Xate on Steam Zone 
Development i n  Steain Flooding,"  SOC. P e t .  Engr.  J .  (Oct . 
i 9 7 3 )  , 274-284; Trans.  A P E  (1973J 255. - 
-SrFhara, K.: "A Study of Non- Isothermal S i n g l e  and Two-Phase 
Flow through Consol ida ted  Sandstones ,"  Ph.D. D i s s e r t a t i o n ,  
S t a n f o r d  U n i v e r s i t y  (November 1974). See a l s o  SGP-TR2. 

2snlirA,qep, ?.?. : "An F v a l u a t i o n  o f  t h e  Capaci tance Probe 
2s a Techninue for Determining Liquid  S a t u r a t i o n s  i n  Lab- 
o r a t o r y  TloG Expertmefit s, *' Master Repor t ,  gepar tments  of 
Seophysics  and Petroleum Fngineer ing ,  S t an fo rd  U n i v e r s i t y ,  
( June  1975). 

r o t s e t ,  E.S. : "Flow of Sas-Liquid Mixtures  th rough  Conso- 
l i da t ed .  Szrd," Trans .  AIME (194C1, 7 136, 91-105. 

L e v e r e t t  , 1.I.C. : " F 1 0 ~  of 3il-Yater Fixtures  th rough  Un- 
c o p s o l i d a t s d  Sands,"  Trans .  A-IllIE (19391, - 132, 149-171. 

Boyer , R. L. , !-!organ, F .  , and Xuskat,  M. : "A t!ew Yethod 3 ,  

f o r  Veasurement of O i l  S a t u r a t i o n  i n  Cores," Trans.  AIME 
( 1 9 4 7 1 ,  - 1 7 3 ,  15-33. 

1, ,?organ,  F., !kDorcrell, J.?. , and Doty, E.C. : "Improvements 
i n  the X - h y  S a t u r a t i o n  Technique of  Studying F l u i d  Flow,"  
;rans. AIYE (1950), - 189, 183-194. 

Laird,  A.D . K .  , and Putnam, J .A. : " Flu id  S a t u r a t i o n  ir! 

rn 

Porous Yedia by X-Ray Technique , I '  Trans .  F J I I E  (19511 , 192 -' 
275-284. 

Bruriner, E., and Yardock, 2 .S .  : "A Neutron !.lethod f o r  
?Pleasuring S a t u r a t i o n  i n  Laboratory Flow Experiments,"  
Lrans.  AXME (19461, - 165, 133-143. 

' / i sval ingam,  X. , and Tandy, J . D . :  "The Neutron Method for 
:;easuring S o i l  Xo i s tu re  Content--!, Review," J .  S o i l  S c i .  

l-7 

. r  

(19721, - 23, b 4 ,  499-511. 

Parsons ,  R.I4. : "Xicrowzve Attenuation--A New Tool for 
Yoni to r ing  S a t u r a t i a n s  i n  Labora tory  Flooding Experiments,"  
Trans .  A W E  (19751, 259- 11 ,  302-310. 



13. 

14. 

15. 

16. 

17. 

18. 

19. 

2 0 .  

21. 

22. 

23. 

24. 

25. 

-100- 

saraf, 9.1~. , and. F a t + ,  I .  : "Three-phase R e l a t i v e  Pernea- 
b i l i t y  Yeasurement 2sir.g a b!uclear hlagnetic Yesoname 
Technique for Es t ima t inz  F lu id  S a t u r a t i o n , "  Trans .  A W E  
(1967) 240-11, 235-2k2. 

Anderson, A.S.C., and Ed l e f s en ,  N.E.: "The E l e c t r i c a l  
Czpaci ty  0- r 25-e 2- Elect rode Plas ter  of  Paris Slock as an 

Anderson, A . B . C .  : "A i,;ethod of Determining So i l -Yo i s tu r e  
Content  Based or! t h e  ? a r i a t i o n  o f  t h e  E lec t r i ca l  CaDaci- 
tap,ce of S o i l s  a t  a 13~: Frequency, w i th  Yo i s tu r e  Content, ' '  
S o i l  S c i .  (l3431, 56, 29-41. - 
' . ] i l l i han ,  F .F. : "S tud i e s  of the D i e l e c t r i c  Yethod. of Yeasur- 
Fn.; S o i l  Y c i s t u r e , "  S o i l  S c i .  SOC.  A m e r .  Proc.  (19451, 39-40. 

Leach, 3.F. : "Design of  a S ing le- Elec t rode  Capac i t o r  fo r  
Use wi th  Yo i s tu r e  Ye t e r s  and S i m i - l a r  Apparatus ,"  J .  S c i .  
Ins t rum.  (19601, 37, 77-80. - 
Thomas, A . Y . :  " In- Si tu  Measurement of Mois ture  i n  S o i l  
and Similar  Substances  by ' F r inge '  Capaci tance ,"  J. S c i .  
Instrum. ( 1 9 6 6 1 ,  43, 21-27. - 
Gregory, G.A., and !,!attar, L . :  "An In- Si tu  Volume F r a c t i o n  
Sensor for Two-Phase R o w s  of Mon-Electrolytes,"  J. of 
Canad. P e t .  (Apr i l- June 1973), 48-52. 

B i l h a r t z ,  E.L. :  " F lu id  Production from Geothermal S t e a m  
% s e r v o i r s ,  ! S  Y.eport, S tanford  U n i v e r s i t y  (Spr ing  1971). 

:!eador, R.A., and Sox ,  P . T . :  " D i e l e c t r i c  Constant  Lopging, 
A S a l i n i t y  Independent Es t imat ion  of Formation Water Volume," 
Pa2er h ! ~ .  STE 5 5 0 4 ,  53th Annual F a l l  Meettng., SPE of 
A I F E ,  Dallas Texas, September 28-October 1, -197.5. 

Akerlof ,  G . C . ,  an6 2shry, H.I.: "The Dielectric Constant  of  
Water a t  High Temperatures and i n  Equi l ib r ium w i t h  I t s  

J .  Amer. Ch~z.' S'oc. (19501, 72, 2844-2847. 

Yarren,  T?. J .  : "BSEW Yeasurem-ent--Principles and Practices , ' I  

J. ' P e t .  Tech. CNov: 19721, 1207-1212. 



2 5 .  

2 7 .  

28. 

29. 

3 0 .  

3 1 .  

3 2 .  

3 3 .  

3 4 .  

35 .  

3 6 .  

3 7 .  

38 .  

P%rkhomenko, E . K . :  E lec t r ica l  P r o p e r t i e s  o f  liocks, t r a n s -  
l a t e d  and e d i t e d  by S.?. Kel le r ,  1 9 6 7  , Plenus  Fress , Ne.4 
Vork. 

, P  ;ray, D.E..: American I n s t i t u t e  of Phys ics  Eandbook, Second 
E d i t i o n ,  1 9 6 3 ,  YcGraw-Eill, Hew York. 

Keller, G . V .  , and Licastro, P.H. : "Dielectric Constant  
and Electr ical  " e s i s t i v i t y  of N a t u r a l  S t a t e  Cores,"  U.S. 
'Seal. Surv.  B u l l .  1 0 5 2 u  (1959), 257-286. 

:!iller, F. G .  : "SteadyJ ?lovr of  Two-Phase Sine le-Comonent  
X u i d s -  t h m u g h  Porous i led ia ,"  Trans.  AINE ( 1 9 5 1 )  , i 9 2 ,  
2 0 5 - 2 1 6 .  

- 

Kruger, P. , and qamey, 5. J .  Jr. : "Stirnulati -on and 3eser- 
v o i r  Enqineer ing  of Geothermal Fesources , I t  Stanford  Sea- 
t5ermal P r o q r a m  Report 110. 3 ( June  1 9 7 4 ) .  

Sa rg ,  S.K. , P r i t c h e t t ,  J.W., and Brownell ,  D . H .  Jr.: "Trans- 
p o r t  of Ilass and Energy i n  Porous Media." The paper  was 
d i s t r i b u t e d  a t  Second United Xations Symposium on t h e  
D e v e l o p e n t  and Use of  Geothermal l iesources,  San Francisco ,  
C a l i f o r n i a ,  Xay 2 0- 2 9 ,  1 9 7 5 .  Authors may be c o n t a c t e d  a t  
S y s t e m ,  Sc ience  and Sof tware ,  P.O. Box 1 6 2 0 ,  L a  Jo l la ,  
C a l i f o r n i a ,  9 2 0 3 8 .  

Cady, G . V . :  "Model S t u d i e s  o f  Geothermal F lu ids  P roduc t ion ,"  
2h.D. D i s s e r t a t i o n ,  S tanfo rd  U n i v e r s i t y  (November 1 9 6 9 ) .  

S t r o b e l ,  C .  J .  : "Model S t u d i e s  of Geothermal F l u i d s  Produc- 
~ L o n  f ~ a ~ t  Ccaso l ida ted  ?orous  ?Ieedia," Eng inee r ' s  Thesis, 
S tanfo rd  U n i v e r s i t y  (July 1973). 
L. 

Chicoine,  S .D. :  "A P h y s i c a l  Model o f  a Geothermal System-- 
I ts  Design and Cons t ruc t ion  and I t s  A p p l i c a t i o n  to P,eser- 
v o i r  Engineer ing ,"  Eng inee r ' s  Thesis, S tanfo rd  U n i v e r s i t y ,  
June  1 9 7 5 .  

Jones ,  S . C . ,  Marathon O i l  Co., Denver Res. Center ,  Dersonal  
communication. 

Wygal, 3. J .  : " Cons t ruc t ion  of Models t h a t  S i r r u l a t e  0i.l 
Xese rvo i r s , "  SOC. P e t .  Engr.' J. (Dec. 1 9 7 3 1 ,  282-286. 



3 9 .  

4 8 .  

41. 

4 2 .  

45. 

44. 

4 5 .  

46. 

4 7 .  

43 .  

4 9 .  

5 0 .  

51. 

-102- 

Heath, L.J.: " V a r i a t i o n  i n  P e r n e a b i l i t y  and P o r o s i t y  of 
S y n t h e t i c  O i l  Tieservoir Xock--Xethod of Con t ro l ,"  SOC. 
? e t .  E n g r .  J. (3ec. 1965), 3 2 9- 3 3 2 .  

E v e r s ,  J.F. , P r e s t o n ,  F.FT., Sailiq, S .  , and S w i f t ,  G .W. : 
" ? r e p a r a t i o n  and T e s t i n g  of Low Permeab i l i ty  Porous Media 
t o  !.leet S c a l i n g  Requirements for Gas Feservoi r  Xoodeling, 11 

SOC. P e t .  Eng. J. (June  1 9 6 7 1 ,  1 8 9 - 1 9 4 .  

Saker ,  P.E., persona l  communication. 

Corey, A.T.: "The I n t e r r e l a t i o n  between Gas and O i l  Rela-  
t i v e  P e r r n e a S l l i t i e s , "  Producers '  I lonthly,  Yov. 1 9 5 4 ,  38- 41 .  

?,u-rdir,e, ?:.T. : " R e l a t i v e  Pe rmeab i l i ty  C a l c u l a t i o n s  from 
??ore S i z e  g i s t r i b u t i o n  Data," Trans.  AIYE ( 1 9 5 3 1 ,  - 98, 71-78 

Standing,  Y.0,. : "Notes on R e l a t i v e  P e r m e a b i l i t y  R e l a t i o n-  
s 5 i p s  , '' Lec tu re  Notes , Petroleum Engineer ing  Department , 
Stan fo rd  U n i v e r s i t y ,  C a l i f o r n i a ,  1 9 7 5 .  

?os ton ,  S.?. , Ysrael, S .  , Eossa in ,  X.K.J.S., Montgomery, 
z. .F. ,  111, and Ramey, P.J., Jr.: "The Effect  o f  Temperature 
on I r r e d u c i b i e  Water S a t u r a t i o n  and R e l a t i v e  P e r m e a b i l i t y  
of Unconsol idated Sands," SOC. P e t .  Eng. J. ( June  1 9 7 0 1 ,  

7- 

171-180. 

Xeinbrandt ,  ?.PI. , Ramey, H.J. , Z r . ,  and Cass6, F. J. : "The 
Effect o f  Tenpera tu re  on R e l a t i v e  P e r m e a b i l i t y  o f  Consol i-  
d a t e d  !?oclis," SOC. P e t .  Eng. J. (Oct. 1 9 7 5 1 ,  376. 

Cass6, F.J., arid Raney, H.J. Jr.: "The E f f ec t  of Tempera- 
t u r e  ar-d Confining P r e s s u r e  on S i n g l e  Phase Flow i n  Con- 
s o l i d a t e d  2;;ocfCs," Paper No. 5877, 46 th  Annual C a l i f o r n i a  
Regional  Yse t ing ,  SPE of AITE, Long Beach, C a l i f o r n i a ,  
A 2 r i l  8 -9 ,  1 9 7 6 .  

PLruna, Y.: "The E f f e c t s  of  Temperature and P r e s s u r e  on 
Absolu te  Pe rmeab i l i ty  of  Sandstones,"  Ph.D. D i s s e r t a t i o n ,  
S t m f o c 2  Y ~ ~ i v e r s i t y ,  Xay 1976. 

Q m o k s ,  ?.E., and Corey, A . T . :  " P r o p e r t i e s  o f  Porous Media 
A f f e c t i n g  F l u i d  F l o w ,"  J. of t h e  I r r i g a t i o n  and Drainage 
Div. ,  Proc.  3 S C E  (19661, -, 92 No. IR2, 61-88. 

S innokro t ,  A..A.: "The F f f e c t  o f  Temperature on Oil-Vater 
C a p i l l a r y  Pressure Curves of Limestone and Sands tones ,  
Ph.D. L l i s s e r t a t i o n ,  S tanfo rd  Y n i v e r s i t y ,  August 1 9 6 9 .  

S i n n o k r a t ,  A .A. ,  Ramey, H .  J .  , JP. , MaFsden, S .  S. , Jr.  : "Ef-  
f e c t  of Tezpera tu re  Level u m n  C a p i l l a r y  P r e s s u r e  Curves,"  
SOC. P e t .  Eng. J. ('larch 1 9 7 1 1 ,  13- 22 .  



-103- 



APPE1,TD IY B 

CALCULATION OF THEORETICAL CALIBRATION CURVES 

FOR THE CAPACITANCE J'RQSE. 

Q = 0 . 2 3  ! ? z r o s i t y  of sand pack pf g r a i n  s i z e  1 8- 2 0  mesh) 

E = d 5 ~ L z c t ~ i c  c o n s t a n t  of  sands tone  m a t r i x ,  5 . 0  ma 
E = dFalec:rLc c o n s t a n t  of water, 4 3 . 8 9  a t  302OF 

E = 1.52 f2? steam 
W 

S 

..- 
E = [ r ? . ' 3 L  c, + O . 3 8 , S b ,  ( 4 3 . 8 9 I c  + 0 .38  (l-Sw)] 

Tp.2 

Since  t h e  v a l u e s  o f  c range  from 0 t o  2 ,  t h e  d i e l e c t r i c  c o n s t a n t  

of t h e  cane, E, car! be  c a l c u l a t e d  by a s s i g n i n g  any v a l u e  rar?ging 

fron zem t o  t\%:o. 
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Ap2endi.x Q ,  cont inued  

S tey  2:  C a l c u l a t e  t h e  rasanaat  f requency of  t h e  o s c i l l a t o r  

w L t “  c a p a c i t a n c e  probe. 

-,.-” =-e =, = - - - -  - - ?eso,ar?.t f requency of  t h e  o s c i l l a t o r  with probe,  Hz r 
L = L.., - 79.J”T.a ,l,nce o f  t h e  o s c i l l a t o r  i n  F i g .  6-1, 

12.5;:h = 1 2 . 5 ~ 1 0  h. - 6  

C = cz2zcitance of t h e  o s c i l l a t o r ,  i n  F ig -  6-1 

100 

l o 2  

Pf 

X 10 -I2 

f 

f 

/ Q .  5 ~ + 4 0  
3 . 5 ~ t . 1 4 0  

Ste;, 3: Xorrr.alize t h e  freo.uency of  t h e  o s c i l l a t o r  with probe.  



Appecdix 3 ,  con t inued  

where f f: = n o r n a l i z e d  r e s o n a n t  f requency 
r 

(f ) r e s o n a n t  f requency  o f  t h e  o s c i l l a t o r  with probe 
for t h e  probe irrmersed i n  a core f i - l l - ed  with steam 

( f r ) w  = r e s o n a n t  f requency  of t h e  o s c i l l a t o r  w i th  p robe  
for t h e  pro3e  immersed i n  a core f i l l e d  with water 

(f 1 = rssar?.ant f requency of t h e  o s c i l l a t o r  w i t h  probe r 5 s ~  t l l e  probe immersed i n  a core f i l l e d  with a 
s t 3 c r r - v a t  er  mixture  
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T a b l e  B-1: S u m a r y  af Probe Ca l ib ra t ion  Ca1culati.on 

c = 0.25 c = 0.5 

0 2.94 
c . 1  3.52 
0.2 4.18 
0.3 4.93 
3. i -  5.77 
3 . 5  6.72 
'4 . v 7.78 
c.7 8.35 
0.3 10.27 
0.5 11.71 
1.0 13.31 

.-, 

C 
0.1 
0.2 
c . 3 
r, .4 
0.5 
G . 5 
0.7 

0.9 
1.0 

I -  u.C) 

E 

3.31439 
8.29395 
3.27099 
8.24525 
9.21686 
5.18530 
8.15075 
2.113119 
5.07286 
3.02846 
7.98113 

? f x10-6 

8.29535 
8.23912 
8.18464 
8.13182 
8.08058 
8.03086 
7.98259 
7.93569 
7,89011 
7.84580 
7.80269 

0 
0.06 
0.13 
0.21 
0.29 
0.39 
0.49 
0.60 
0.72 
0.86 
1.00 

f 9: 
-r- 

0 
0.11 
0.22 
0.33 
II .44 
0.54 
0.63 
0.73 
3.82 
0.91 
1.00 

3.13 
3.94 
4.83 
5.82 
6.90 
8.07 
9.33 

10.68 
12.12 
13.66 
15.27 

t 

3.64 
5.94 
8.03 

10.00 
11.87 
13.67 
15.42 
17.11 
18.76 
20.38 
21.97 

8.30766 0 

8.24865 0.15 
8.21518 0.24 
8.17938 0.34 
8.14142 0.43 
8.10146 0.54 
8.05966 0.65 
8.01620 0.76 
7.97095 0.88 
7.92495 1.00 

8.27930 0.07 

c = 1.25 

f xlo-5 -r 

8.28976 
8.21117 
8.14270 
8.08059 
8.02367 
7.97067 
7.92073 
7.87393 
7.82953 
7.78712 
7.74659 

f t': 
-r - 

0 
0.15 
0.27 
0.38 
0.49 
0.59 
0.68 
0.77 
0.85 
0.92 
1.00 
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Table  B - 1 ,  Continued 

-w s 

0 
0.1 
0.2 
0.3 
8.4 
G.5 
0.6 
3.7 
0.8 
0.9 
1.0 

\ 

r_ = '1.5 

E 

3.77 
6.95 
9.51 

11.76 
13.82 
15.73 
17.53 
19.24 
20.88 
22.46 
23.98 

f x10 -r- 
-6 f 9: 

-r- 

8.28522 
8.17774 
8.09583 
8.02696 
7.96633 
7.91205 
7.86251 
7.81685 
7.77426 
7.73432 
7.69684 

0 
0.18 
0.32 
0.44 
0.54 
0.63 
0.72 
0.80 
0.87 
0.94 
1.90 
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APPERDLX C 

DERIVATION OF WATER SA-TURATIOX EXXESSION (EQ. 6-10 1 

Tke average  water s a t u r a t i o n  i n  t h e  c o r e  f i l l e d  wi th  steam and 

wzter c m  be c a l c u l a t e d  by mass b a l a x e .  

p-ass balanizz: 

m + m  = m  
S t r  ((2-1) 

v:?p,re_ T = r . 3 ~ ~  cf steam i n  t h e  coFe, lb 

= ITESS zf water  i n  t h e  c o r e ,  lh 
S 

m = TT~S-SS o f  a steam-water mixture  i n  t h e  c o r e ,  15 

where '! = v2li lne occupied. by  steam, cu  f t  s 

v = scecific volulpe of stearr ,  cu  f t / l l b  

TI = pore volume of' t h e  core, c u  I't 

S = water s a t w a t i o n ,  f r a c t i o n  

S 

P 

w 
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So lv ing  

S 
1-T 

+l (C-7 1 
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This Sppendix c o n t a i n s  a l l  of the p e r t i n e n t  d a t a  

oh,r.zined through t h e  couzse of t h e  experimental work. T h e  

6a.t~ c o l l e c t e 2  :.?ill f o l l o x  t h e  o r d e r  of c a l i b r a t i o n ;  s t e a d y ,  

i- ~ ~ o - ? h a s e  - f k : r  e u ? e r i n e n t s ;  d e p l e t i o n  exper iments ;  and b r i n e  

ex?eriment s . 

2-1 CalibrztFc: 2 5  Capaci tance Probe 

The data in this s e c t i o n  i n c l u d e s  t h e  c a l i b r a t i o n  performed 

i n  short, s y z t : ? e ~ i c  c o n s o l i d a t e d  sands tone  c o r e s  vrith air-water 

n i x t u r e s  a t  ~ O T  tern-perature ( 2 5 O C 1 ,  and i n  sand packs wi th  

s texc-wzter  r .Lxtsres  a t  h igh  t empera tu res .  The i d e n t i f i c a t i o n  

o f  t h e  tables  i s  formed by one l e t t e r  and t h r ee  d i g i t s .  The 

l e t t e r  D r e ? r . = _ s s n t s  the Appendix 3. The nunber  1 i n  t h e  first 

d i g i t  re fers  t o  c a l i b r a t i o n  d a t a .  The number 1 i n  t h e  second 

z?z:lt r e f e - s  t . 2  t h e  c a l i b r a t i o n  made i n  short ,  s y n t h e t i c  c o n s o l i -  

&Ted sancistsx = o r e s  a t  room tempera ture .  The number 2 is t3.e 

c a l i b r a t i o n  FerfDrmed i n  l a r g e  g r a i n  d i a m e t e r  sand packs f i l l e d  

~ 5 t h  stezr-:. :~tsr mixtures .  The number 3 is t h e  c a l i b r a t i o n  

made i n  t h e  s~.zlL g r a i n  diameter sand pack. The l a s t  d i g i t  

r e p r e s e n t s  t h e  o r d e r  of t h e  c a l l b r a t i o n  i n  each ca tegory .  The  

suSL.e t te r  (a or b )  behind t 5 e  l a s t  dFgFt r e F e r s  t o  t h e  d a t a  o f  

mass i n- p l a c e ,  t e q e r a t u r e  and water s a t u r a t i o n ,  o r  probe s i g -  

n a l  and \ g a t e ?  s a t u r a t i o n .  

? .  . -_ 
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D-1-1 C a l i b r a t i o n  of t h e  Capaci tance Probe i n  S h o r t ,  Svn- 

t h e t - i c  Consol idated  Sandstone 'Cores w i th  Air'-Water Mixtures 

a t  3oom Temperature 

(1) Core No. 1 

\?eight  of dry  core = 2 5 5 . 4  pm. 
??e igh t  of \%;ater  s a t u r a t e d  core = 3 1 4 . 1  gm 
Porosity = 0 . 3 8  

?._+e 

2 , ' 27 /75  
2 / 2 7 / 7 5  
2 / 2 7 / 7 5  
2 / 2 8 / 7 5  
2 / 2 8 / 7 5  
2 / 2 8 / 7 5  
2 / 2 8 / 7 5  
2 / 2 8 / 7 5  
2 / 2 8 / 7 5  
2 / 2 8 / 7 5  
2 / 2 8 / 7 5  
3/ !12/75 
3 / 0 2 / 7 5  

-1.: S 9 f r a c t i o n  

1 . 0 0  
0 . 9 6  
0 . 9 1  
0 . 5 9  
0 . 5 4  
0 . 5 0  
0 . 4 5  
0.41. 
0 . 3 6  
0 . 3 2  
0 . 0 9  
0 . 4 1  
0 . 3 5  

0 4 ,n>v 
-S 

1 4 . 4 4  
1 3 . 4 5  
1 3 . 3 5  
1 0 . 8 0  
1 0 . 1 0  

9 . 0 5  
7 . 9 5  
6 . 8 0  
5 . 6 5  
5.46 
1 . 8 5  
5 . 7 5  
4 . 4 5  

Weigh? - cf ,dry core = 2 9 3 . 1  grr. 
Welgl?? ef .cater  s a t u r a t e d  co re  = 3 5 8 . 6  gm 
P o r c s i t y  = a . 3 7  

2 / 2 7 / 7 5  2 1 4 . 4  
2 / 2 7 / 7 5  3 1 0 . 0  
2 / 2 7 / 7 5  3 0 9  -1 p 1 ' 2 8 / z 7 5  2 3 3 . 6  
2 / 2 5 / 7 5  2 3 7 . 7  
2 / 2 3 / 7 5  2 9 7 . 0  
3 / 0 2 / 7 5  3 0 0 . 3  

0 . 3 3  
0 . 2 6  
0 . 2 4  
0 . 1 0  
0 . 0 7  
0 . 0 6  
0 . 1 1  

7 . 4 0  
5 . 5 0  
5 . 2 0  
2.20 
1 . 7 5  
1 . 5 5  
1.80 

1 . 0 0  
0 . 9 3  
0 . 9 3  
0 . 7 5  
0 . 7 0  
0 . 6 3  
0 . 5 5  
0 . 4 7  
0 . 3 9  
0 . 3 8  
0 . 1 3  
0 . 4 0  
0 . 3 1  
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D - 1 - 1 ,  con t inued  

Neight  of d r y  core = 2 7 1 . 6  gm 
Weight of water s a t u r a t e d  core = 3 3 2 . 3  gm 
P o r o s i t y  = 0 . 3 7  

I),? e i g'h t 
gate  of  Core S f r a c t i o n  

4 J  
ca -4,m-y 
-S- 

2 / 2 7 / 7 5  
2 / 2 7 / 7 5  
2 / 2 7 / 7 5  
2,'28!75 
2 / 2 8 / 7 5  

2 / 2 8 / 7 5  
3 / 9 1 / 7 5  
3 / 3 2 / 7 5  
3 / 0 3 / 7 5  

2 / 2 8 / 7 5  

2 8 9 . 5  
2 8 4 . 9  
2 5 3 . 6  
3 3 2 . 3  
3 2 8 . 7  
5 1 0 . 8  
3 1 2 . 9  
2 9 7 . 7  
28t) .1 
3 3 1 . 1  

A , -  c 

0 . 3 0  
0 . 2 2  
0 . 2 0  
1 . 0 0  
0 . 9 4  
0 . 9 1  
0 . 6 8  
0 . 4 3  
0 . 1 4  
0 . 9 8  

5 . 8 9  
4 . 4 4  
4 . 0 4  

1 6 . 2 0  
1 6 . 1 8  
1 5 . 8 0  
1 4 . 7 0  

7 . 7 5  
2 . 4 0  

1 2 . 4 5  

0 . 3 6  
0 . 2 7  
0 . 2 5  
1 . 0 0  
1 . 0 0  
0 . 9 8  
0 . 9 1  
0 . 4 8  
0 .15  
0 . 9 2  

( 4 )  Core ?io. 4 

1:7ei~?~t L. oi tvly co re  = 2 9 8 . 8  gm 
Weig5'nt of x a t e r  s a t u r a t e d  c o r e  = 3 7 1 . 3  gm 
TorosFTy = 0 . 3 9  

3 / 0 2 / 7 5  3 7 1 . 3  
3 / 0 2 / 7 5  3 6 9 . 1  
3 / 3 2 / 7 5  3 6 7 . 1  
3 / 0 2 / 7 5  3 6 5 . 8  

1 . 0  
0 . 9 7  
0 . 9 4  
0 . 9 2  

14.60 1.00 
1 4 . 5 5  1 . 0 0  
1 4 . 2  0 . 9 7  
1 3 . 5  0 . 9 2  

- _  :leigPis 0 d r y  co re  = 3 2 1 . 3  gm 
Veight of u a t e r  s a t u r a t e d  core = 3 9 4 . 8  gm 
Porosity = 0 . 3 7  

3 / 2 8 / 7 5  3 4 3 . 3  
3 / 2 8 / 7 5  3 4 1 . 3  
3 / 0 2 / 7 5  3 5 2 . 2  

0 . 3 0  
0 . 2 7  
0 . 4 2  

7 . 8 5  
7 . 3 0  
7 . 9 3  



D- 1- 2  C a l i b r a t i o n  of tl-re C a p a c i t a n c e  Probe In the L a r p e  Grain 

Diameter Sand Pack ( 1 8- 2 0  Ye’sh) with Steam-Water M i x t u r e s  a t  

Hig5  T e n p e r a t u r e s  

T ~ k l e  9- 1- 2- 1 (a): !!ass I n - ? l a c e ,  T e a p e r a t u r e  and Water Satura- 
t i o n  f o r  Calibration of C a p a c i t a n c e  Probe 

x:?. “0  . LGI 
Da“_e: 1 / 1 8 / 7 5  
+ LJ-.-lia 14.- - V0lm.e = ct .0301 c u  ft - 
t - *  
L F + : T L ~ ~  %.SS = 5 . 8 7 7 0  lh 

1.6294 

1 . 5 1 3 9  
I ,  

1.3’713 

1.0095 

0 . 7 8 3 5  

0.5681 

3 0 6  

3 0 6  

3 0 6  

3 0 6  

3 0 5  

3 0 5  

A v e r a g e  
Water Satuzlation 

0.95 

0 .88  

0.80 

0 .59  

0 . 4 5  

0 . 3 3  
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T a b l e  D - 1 - 2 - l ( b ) :  P r o b e  S i g n a l  and Water S a t u r a t i o n  for Cali- 
b r a t i o n  of  Capacitance Probe 

Run No. L G I  
Date: 0 1 / 1 8 / 7 6  

- mv T. V - mv mv IlIV - 
1 . 2 5  
1 . 7 5  
2 . 7 5  
3 . 7 5  
4 . 7 5  
5 . 7 5  
6 . 7 5  
7 . 7 5  
8 . 7 5  
9 . 7 5  

1 0 . 7 5  
1 1 . 7 5  
1 2 . 7 5  
1 3 . 7 5  
1 4 . 7 5  
1 5 . 7 5  
1 6 . 7 5  
1 7 . 7 5  
1 8 . 7 5  
1 9 . 7 5  
2 0 . 7 5  
2 1 . 7 5  

9 . 5  
9 . 5  
9 . 6  
9 . 6  
9 . 6  
9 . 7  
9 . 7  
9 . 7  
9 . 8  
9 . 8  
9 . 8  
9 . 8  
9 . 8  
9 . 5  
9 . 5  
9 . 5  
9 . 5  
9 . 4  
9 . 5  
9 . 6  
9 . 6  
9 . 8  

- 8 . 9  
- 8 . 8  
- 8 . 9  
- 8 . 4  
- 7 . 2  
- 6 . 8  
- 6 .4  
- 6 . 2  
- 6 . 1  
- 5 . 9  
- 6 . 2  
- 6 . 4  
- 6 . 5  
- 6 . 4  
- 6 . 6  
- 7 . 0  
- 7 . 1  
- 7 . 1  
- 6 . 6  
- 6 . 3  
- E.  2 
- 6 . 2  

1 8 . 4  
1 8 . 3  
1 8 . 5  
1 8 . 0  
1 6 . 8  
1 6 . 5  
1 6 . 1  
1 5 . 9  
1 5 . 9  
1 5 . 7  
1 6 . 0  
1 6 . 2  
1 6 . 3  
1 5 . 9  
1 6 . 1  
1 6 . 5  
1 6 . 6  
1 6 . 5  
1 6 . 1  
1 5 . 9  
1 5 . 8  
1 6 . 0  

- 5 . 9  1 5 . 4  
- 5 . 7  1 5 . 2  
- 5 . 5  1 5 . 1  
- 5 . 3  1 4 . 9  
- 5 . 1  1 4 . 7  
- 5  . L  1 4 . 8  
-5 .l 1 4 . 8  
- 4 . 9  1 4 . 6  
- 4 . 9  1 4 . 7  
- 4 . 9  1 4 . 7  
- 5 . 2  1 5 . 0  
- 5 . 6  1 5 . 4  
- 5 . 4  1 5 . 2  
- 6 . 0  1 5 . 5  
- 6 . 6  1 6 . 1  
- 7 . 0  1 6 . 5  
- 7 . 0  1 6 . 5  
- 6 . 7  1 6 . 1  
- 6 . 6  1 6 . 1  
- 6 . 5  1 6 . 1  
- 6 . 4  1 6 . 0  
- 6 . 3  1 6 . 1  

0 . 8 4  
0 . 8 3  
0 . 8 2  
0 . 8 3  
0 . 8 8  
0 . 9 0  

0 . 9 2  
0 . 9 2  
0 . 9 4  
0 . 9 4  
0 . 9 5  
0 . 9 3  
0 . 9 7  
1 . 0  
1 . 0  
0 .99  
0 . 9 8  
1 . 0  
1 . 0  
1 . 0  
1.0 

e . 9 2  

Average 0.93 

Cont. 
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T a b l e  D-1-2-1(b), c o n t i n u s d  

s- = 0 . 8 9  
Distance from -+.I 0 -+ 3fi 

S Closed E n d  

1 . 2 5  
1 . 7 5  
2 . 7 5  
3 . 7 5  
4 . 7 5  
5 . 7 5  
6 . 7 5  
7 . 7 5  
8 . 7 5  
9 . 7 5  

1 0 . 7 5  
1 1 . 7 5  
1 2 . 7 5  
1 3 . 7 5  
1 4 . 7 5  
1 5 . 7 5  
1 6 . 7 5  
1 7 . 7 5  
1 8 . 7 5  
1 9 . 7 5  

2 1 . 7 5  
2 0 . 7 5  

- 5 . 4  
- 6 . 0  
- 5 . 2  
- 5 . 4  
- 5 . 4  
- 4 . 9  
- 4 . 5  
- 3 . 8  
- 4 . 4  
- 4 . 2  
- 4 . 3  
- 4.7  
- 4 . 9  
- 5 . 3  
- 5 . 7  
-6.1 
- 5 . 5  
- 6 . 5  
- 6.2  
- 5 . 4  
- 5 . 8  
-4.1 

1 5 . 9  
1 5 . 5  
1 4 . 8  
1 5 . 0  
15.0 
1 4 . E  
1'1.2 
1 3 . 5  
14.2 
1 4 .  c! 
14.1 
1 4 . 5  
14.7 
1 4 . 8  
15.2 
1 5 . E  
16.0 
1 5 . 9  
1 5 . 7  

1 5 . 4  
1 3 . 9  

15.0 

0 . 8 6  
0 . 8 5  
0.83 
0 . 8 3  

G . e a  
2 .88  

0 . 8 9  
0 . 8 9  
9 . 8 8  
g * s c  
2 . 3 0  
0 . 9 3  
0 . 3 4  
0 . 9 5  
0 . 9 6  

0 . 9 8  
0 . 9 4  
0 . 9 7  
0 . 8 7  

0 .89  

0 . 8 5  

a . 9 ~ ,  

Average 0 .90  

- 5.0 
- 4.9 
-4.7 
- 4.5  
- 4.5  
- 4 . 2  
-4 . o  
- 3 . 2  
- 3.. 9 
- 3 . 7  
- 3 . 0  
- 3 . 7  
- 3 . 1  
-3.1 
- 3 . 3  
- 4 .I 
- 4.6 
- 4.9 
- 4 * 3 
-4 2 
- 4.0  
-3.0 

1 4 . 5  3 . 7 9  
1 4 . 4  0 . 7 9  
1 4 . 3  0 . 7 7  
14.1 0 . 7 8  
14.1 0 . 8 4  
13.9 0 . 8 4  
1 3 . 7  0 . 8 5  
1 2 . 9  0.81 
1 3 . 7  0 . 8 6  
1 3 . 5  0 . 8 6  
1 2 . 8  0 . 8 0  
1 3 . 5  0.83 
1 2 . 9  0 . 7 9  
1 2 . 6  0 . 7 9  
1 2 . 8  0 .80 
13.6 0 .82  
1 4 . 1  0 . 8 5  
14.3 0.87 
1 3 . 8  0 . 8 6  
13.8 0.87 
1 3 . 6  0 . 8 6  
1 2 . 8  0 . 8 0  

0 . 8 2  
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T a b l e  D-1-2 - l (b ) ,  c o n t i n u e d  

s '= 0 .59  
Distance from --tJ a, -0 

in. mv - - m v  
Closed End S 

f: 

1 . 2 5  
1 . 7 5  
2 . 7 5  
3 . 7 5  
4 . 7 5  
5 .75  
6 . 7 5  
7 .75 
8 . 7 5  
9 . 7 5  

1 0 . 7 5  
1 1 . 7 5  
1 2 . 7 5  
1 3 . 7 5  
1 4 . 7 5  
1 5 . 7 5  
1 6 . 7 5  
1 7 . 7 5  
1 8 . 7 5  
1 9 . 7 5  
2 0 . 7 5  
2 1 . 7 5  

- 3 . 3  1 2 . 8  0 .70  
- 3 . 4  1 2 . 9  0 . 7 0  
- 2 . 9  1.2.5 0.68 
- 2 .4  3-2.0 0.67 
- 2 .7  1 2 . 3  0 . 7 3  
- 2 . 1  1 1 . 8  0 .72  
- 1 . 7  1 1 . 4  0 . 7 1  
- 1 .2  1 0 . 3  0 .69  
-1.1 1-0.9 0 .69  
- 1 . 0  1-0.8 0.69 
-1.1 1 0 . 9  0 .68  
- 1 . 6  1 1 . 4  0 .70  
- 1 . 3  11.1 0.68 
- 1 . 2  1.0.7 0 . 6 7  
- 1 . 6  1-1.1 0.69 
- 2 . 1  1-1.6 0 .70  
- 2 . 1  1 1 . 6  0 . 7 0  
- 1 . 7  11.1 0 . 6 7  
- 1 . 3  1 0 . 8  0 .67  
- 1 . 2  1-0.8 0 . 6 8  
- 0 . 6  1 0 . 2  0 .65  
0 . 2  9 . 6  0 .60  

-W S = 0.45 

cf, Q -0 6, f: 

mv- mv 
S - 

- 0.7 
- 0.6 
- 0.2 

0.5 
0.4 
0.9 
0.9 
1 . 3  
1 . 5  
1 . 3  
1 .4  
1.1 
1.0 
1.1 
0.7 
0 . 1  
0 .2  
0.3 
0 .8  
1 . 2  
2.0 
2.7 

1 0 . 2  0 .55  
1 0 . 1  0 . 5 5  

9 . 8  0 . $ 3  
9 . 1  0 . 5 1  
9 .2  0 . 5 5  
8 . 8  0 . 5 3  
8.8 0 . 5 5  
8.4 0 . 5 3  
8 .3  0 . 5 2  
8 .5  O i 5 4  
8 . 4  0 . 5 3  
8.7 0.54 
8 . 8  0.54 
8 .4  0 .53  
8.8 0 .55 
9 .4  0 . 5 7  
9 .3  0.56 
9 . 1  0.55 
8 .7  0 . 5 4  
8 .4  0 . 5 3  
7 .6  0 . 4 8  
7 . 1  0 . 4 4  

Average 0.69 0 .53  
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Table D-1-2 -1 (b ) ,  continued 

s = 0 . 3 3  
-Id-- 

Distance f ron 
Closed End 

In. 

1 . 2 5  
1 . 7 5  
2 . 7 5  
3 . 7 5  
4 . 7 5  
5 . 7 5  
E .  7 5  
7 . 7 5  
8 . 7 5  
9 . 7 5  

1 0 . 7 5  
1 1 . 7 5  
1 2 . 7 5  
1 3 . 7 5  
1 4 . 7 5  
1 5 . 7 5  
1 6 . 7 5  
1 7 . 7 5  
1 8 . 7 5  
i 9 . 7 5  
2 0 . 7 5  
2 1 . 7 5  

Average 

Q 
mv - 
1 . 9  
2 . 0  
2 . 2  
2 .6  
2 . 8  
3 . 2  
3 . 3  
3 . 5  
3 . 6  
3 ..4 
3 . 3  
3 . 1  
3 . 1  
3 . 1  
2 . 8  
2 . 3  
2 . 3  
2 . 6  
3 . 0  
3 . 3  
3 . 7  
4 . 1  

@ ,-@ s 
ITLV -- 

7 . 6  
7 . 5  
7 . 4  
7 . 0  
6 . 8  
6 . 5  
6 . 4  
6 . 2  
6 . 2  
6 . 4  
6 . 5  
6 . 7  
6 . 7  
6 . 4  
6 . 7  
7 . 2  
7 . 2  
6 . 8  
6 . 5  
6 . 3  
5 . 9  
5 . 7  

cp :T; 

0 . 4 1  
0 . 4 1  
0 . 4 0  
0 . 3 9  
0 . 4 0  
0 . 3 9  
0 . 4 0  
0 . 3 9  
0 . 3 9  
0 . 4 1  
0 . 4 1  
0 . 4 1  
0 . 4 1  
0.40 
0 . 4 2  
0.. 44 
0 . 4 3  
0 . 4 1  
0 .40  
0 .40  
0 . 3 7  
0 . 3 6  

0 .40  



Table 2-1-2-2(a): :!ass In- ?lace ,  Opera t ing  Temperature and 
Average Sater S a t u r a t i o n  f o r  C a l i b r a t i o n  

Run !io . LS2 
Date: 91/25/76 
Pore Vo1urr.e: 0.32940 Cu ft 
I ~ i T i d  I l a s s :  1.8358 I b  

Cperating Temperature 
OF 

1.5884 

1.4623 

1.3287 

1.1698 

5.8331 

0.6224 

0.3979 

0.2407 

0.1424 

309 

309 

309 

305 

306 

307 

308 

338 

307 

Average 
Ida t  e r  S a t u r a t i o n  

0.95 

0.87 

0.79 

0.70 

0.49 
0.37 

0.23 
0.14 
0.08 



-1213- 

Table  D-1-2-2(b): Probe Signal and !.rater S a t u r a t i o n  

Run ?lo. LG2 
Date: 01/25/76 

Distance from 
Clo  3 ed End 

In. 

1.25 
1.75 
2.75 
3.75 
4.75 
5.75 
5.75 
7.75 
8.75 
9.75 

10.75 
11.75 
12.75 
13.75 
111.75 
15.75 
16.75 
17.75 
18.75 
19.75 
20.75 
21.75 

10.0 
10.0 
9.9 
I9.0 
10.0 

9 . 8  
9.8 
9.8 
9.7 
3.7 
9.7 
9.8 
9.8 
3.8 
9.5 
3.4 
9.2 
9.4 
9.6 
9.5 
9.6 
3.7 

-147 

6 

m-v mv 

-7.7 17.7 
.-7.5 17.5 
-7.5 17.4 
-7.3 17.3 
-7.4 17.4 
-7.4 17.2 
-7.8 17.6 
-8.3 18.7 
-9.1 18.8 
-9.5 19.2 
-9.Q 19.1 
-8.9 18.7 
-9.3 19.1 
-9.2 19.0 
-9.3 18.8 

-10.0 19.4 
-10.2 19.4 
-10.7 20.1 
-10.5 20 .I 
-10.9 20.4 
-10.8 20.4 
-11.0 21.6 

s = 1.0 

- W  (3 s - m \ 7  
-- 

a 

-6.8 
-6.8 
-6.7 
-6.9 
-5.8 
-6.5 
-7.5 

-9.0 
-9.5 
-9.2 
-8.5 
-8.6 
-9.9 
-9.2 
-9.8 
-9.9 
-10.4 
-10.7 
-10.9 
-10.6 
-11.9 

-8. o 

+I 
s = 0.95 

Q -Q s 
m.-v 

f: 

- 
16.8 0 . 9 5  
16.8 0 .96  
16.6 0.95 
16.9 0.98 
15.8 0.91 
16.3 0.95 
17.3 0.98 
17.8 0 . 9 5  
18.7 0 . 9 9  
18.2 1.0 
18.9 0.99 
18.3 0.98 
18.4 0.96 
18.8 0.99 
18.7 0.99 
19.2 0 . 9 9  
1 9 . 1  0.98 
19.8 0.99 
20.3 1.0 
20.4 1.0 
20 .2  0 . 9 9  
21.6 1 .0  

Average 0.98 
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Table D-1-2-2(b), con t inued  

-x s = 0.87 
D i s t a n c e  from 

Clo  sed End 9 @ -Q @ 5 
S 

In. 

1.25 
1.75 
2.75 
5.75 
4.75 
5.75 
6.75 
7.75 
8.75 
9.75 

10.75 
11.75 
12.75 
13.75 
14.75 
15.75 
16.75 
17.75 

19.75 
20.75 
21.75 

1 8 .  75 

i3V - 
-7.1 
-7.0 
-6.8 
-5.5 
-5.2 
-6.1 
-5.3 
-6.5 
-7.5 
-8.0 
-7 $ 4  
- 7 . 6  
-8.1 
- 8 .4  
-8.7 
-9.5 
- 9.  6 
-9.9 
-9.6 
-9.3 
- 9 . 9  
-10.0 

i3V 

17.1 
17.0 
1 6 . 7  
15.6 
15.2 
15.9 
16.1 
16.3 
17.3 
17.7 
17.1 
17.4 
17.9 
18.2 

18.9 

19.3 
19.2 
19.3 
19.5 
10.7 

18.2 

1 8 . 8  

0 . 9 7  
0.97 
0.96 
0.90 
0.87 
0.92 
0.91 
0.87 
0.92  
0.92 
0.90 
0.93 
0 . 9 4  
0.96 
0.97 
0.97 
0.97 
0.96 
0.96 
0.95 
0.96 
0.91 

, S = 0.79 
-W ~ 

, 
I Q as-@ @ 4 

IT! V mv 

- 6 . 3  16.3 0.92 
-6.1 16.1 0.92 
-5.7 15.6 0.90 
- 5 .4  15.Y 0.89 
-4.6 1 4 . 6  0.84 
-Q . 8  1 4 . 6  0.85 
-5.6 15.4 0.88 
-5.6 15.4 0.82 
-6.2 15.9 0.85 
- 6.6 16.3 0 .85  
-6.3 16.0 0.84 
-6.0 15.8 0.84 
- 6.4  16.2 0.85 
-6.5 16.3 0.86 
-6.6 16.1 0.86 
- 7 . 4  1 6 . 8  0 .87  
- 7.8 1 7 . 0  0 . 8 8  
-7.8 17.2 0 . 8 6  
- 7.9 1 7 . 5  0.87 
-7.8 17.2 0 .86  
-7.9 17.5 0.86 
-7.3 17.0 0.79 

Average 0.94 0.86 
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T a b l e  D-1-2-2 ( b )  , cont inued 

D i s t a n c e  fron 
C l o s e d  End 

In. 

1 . 2 5  
1.75 
2.75 
3.75 
4.75 
5.75 
6.75 
7.75 
8.75 
9.75 

10.75 
11.75 
12.75 
13.75 
14.75 
15.75 
16.75 
17.75 
1 8 . 7 5  
19.75 
2 0 . 7 5  
21.75 

-w s = 0.70 

Q Q s - Q  

mv mV 

-4.9 14.9 
-4.9 14.9 
-4.8 14.7 
-4.7 14.7 
- 4 . 3  14.3 
-4.9 14.7 
-5.6 15.4 
-5.1 14.9 
-5.7 15.4 
-5.7 15.4 
-5.7 15.4 
-5.7 15.5 
-5.5 15.3 
-5.9 15.7 
-5.8 15.3 
-6.5 15.9 
-7.3 1 6 . 5  
-7.2 16. E 
-7.1 16.7 
-7.3 1 6 . 8  
-7.5 17.1 
- 6 . 8  16.5 

0 . 8 4  
0.85 
0 . 8 4  
0.85 
0.82  
0 . 8 5  
0 . 8 8  
0 . 8 0  
0.82 
0.80  

0 . 8 3  
0 . 8 0  
0 . 8 3  
0.81 
0 . 8 2  
0.85 
0 . 8 3  
0 . 8 3  
0 . 8 2  
0 . 8 4  
0.76 

0 . 8 1  

A v e r a g e  0 . 8 3  

(3 

m-V - 
- 0 . 3  
- 0.7 
- 1 . 2  
- 0.4 
- 0.4 
-1.2 
- 2 . 3  
- 1 . 3  
-1.9 
-1.9 
-1.8 
-1.9 
-2 .I 
-1.2 
- 1.4  
- 1 .7  
- 3 . 1  
- 3.0 
-2.1 
- 2 . 6  
- 3.2 
- 2 -1 

-W s = 0.49 

0 - @  
S 
mv 

1 0 . 3  
10.7 
11.1 
1 0 . 4  
1 0 . 4  
1 1 . 0  
1 2 . 1  
11.1 
11.6 
1 1 . 6  
11.5 
1 1 . 7  
11.9 
11.0 
10.9 
11.0 
1 2 . 3  
1 2 . 4  
11.7 
1 2 . 1  
1 2 . 8  
11.8 

(b ?: 

0 . 5 8  
0 . 6 1  
0 . 6 4  
0 . 6 0  
0 . 6 0  
0 . 6 4  
0 . 6 9  
0.59 
0 . 6 2  
0 . 6 0  
0.60 
0 . 6 3  
0 . 6 2  
0 . 5 8  
0 . 5 8  
0 . 57  
0 . 6 3  
0 . 6 2  
0.58 
0 . 5 9  
0 . 6 3  
0 . 5 5  

0.61 
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Table  D-l-2-2(b), con t inued  

Distance f ron  
Closed End 

I n .  

1.25 
1.75 
2.75 
3.75 
4.75 
5.75 
6.75 
7.75 
8.75 
9.75 

10.75 
11.75 
12.75 
13.75 
14.75 
15.75 
16.75 
17.75 
18.75 
19.75 
20.75 
21.75 

mv 
__. 

3.0 
2.7 
2.3 
2.7 
2.7 
1.9 
2,. 0 
2.2 
1.9 
2.2 
2.2 
2.2 
2.1 
2.5 
1.8 
1.5 
0.7 
e. 9 
1.7 
1.4 
1.3 
2.0 

-w S = 0.37 

Q -I, @ :T; 
S 
JnV - 
7.0 0.40 
7.3 0.42 
7.6 0.44 
7.3 0.42 
7.3 0.42 
7.9 0.46 
7.8 0.44 
7.6 0.4: 
7.8 0.41 
7.5 0.39 
7.5 0.39 
7.6 0.41 
7.7 0.40 
7.3 0.38 
7.7 0.41 
7.9 0.41 
8.5 0.44 
8.5 0.42. 
7.9 0.30 
8.1. 0.43 
8.3 0.41 
7.7 0.36 

Q, 

4.6 
4.5 
4.4 
4.6 
4.6 
4.3 
4.3 
4.4 
15.3 
4.2 
4.3 
4.3 
4.3 
4.4 
4.0 
3.9 
3.1 
3.2 
3.5 
3.4 
3.3 
3.7 

--w S = 0.23 

@ -a, q) 5 
S 

KlV - 
5.4 0.31 
5.5 0.31 
5.5 0.32 
5.4 0.31 
5.4 0.31 
5.5 13.32 
5.5 0.31 
5.4 0.29 
5.4 0.29 
5 . 5  0.29 
5.4 0.28 
5.5 0.29 
5.5 0.29 
5.4 0.28 
5.5 0.29 
5.5 0.28 
6.1 0.31 
6.2 0.31 
6.1 0.30 
6.1 0.30 
6.3 0.31 
6.0 0.28 

Average 0.41 0.30 
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Table D-1-2-2(b), c o n t i n u e d  

Distance from 
Closed End 

TI, 

1.25 
C .  ’ 75 
2.75 
3.75 
4.75 
5.75 
5.75 
7.75 
8.75 
9.75 

10.75 
11.75 
12.75 
13.75 
14.75 
15.75 
16.75 
17.75 
18.75 
19.75 
20.75 
21.75 

5.8 
5.8 
5.7 
5.9 
5.0 
5.7 
5.6 
5.7 
5.6 
5.5 
5.7 
5.7 
5.3 
5.8 
5.4 
5.2 
4.8 
q.9 
5.2 
5.1 
5.1 
5.4 

-7 S Y. - = 0.14. 

0 -Q Q ;: 
S 
KlV - 
4.2 0.24 
4.2 0.24 
4.2 0.24 
4.1 0.24 
4.0 0.23 
4.1 0.24 
4.2 0.24 
4.1 0.22 
4.1 0.22 4.. 2 0.22 
4.0 0.21 
4.1 0.22 
4.0 3.21 
4.0 0.21 
4.1 0.22 
4.2 0.22 
4.4 0.23 
4.5 0.22 
4.4 0.22 
4.4 0.22 
4.5 0.22 
4.3 0.20 

mv - 
7.0 
7.0 
6.9 
7.1 
7.2 
6.9 
6.8 
6.9 
6.9 
6.8 
7.0 
7.1 
7.2 
7.2 
6.9 
6.7 
6.6 
6.7 
6.9 
7.0 
7.1 
7.2 

-W s = 0 .08  

a, -a  @ 5 

mv 

3.0 0.17 
3.0 0.17 
3.0 0.17 
2.9 0.17 
2.8 0.16 
2.9 C.17 
3.L C -17 
2.9 0.16 
2.8 0 . 1 5  
2.9 0.15 
2.7 0.14 
2.7 0.14 
2.6 0.14 
2.6 0.14 
2.6 0.14 
2.7 0.14 
2.6 0.13 
2.6 0.13 
2.7 0.13 
2.5 0.12 
2.5 0.12 
2.5 9.12 

S 

- - 

r\ 

Average 0.22 0.15 
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Table  D - 1 - 2 - 3 ( a ) :  Mass In- Place ,  Temperature and Water 
S a t u r a t i o n  

Run No. LG3 
Date: 01/28/76 
Pore Volume: 0.0291 cu ft 
I n i t i a l  Mass: 1.8170 lb 

?.lass In- Place  
lb 

1.6343 

1.4522 

1.3175 

1.1036 
0.8995 
0.6638 
0.5386 

0.4195 

0.2573 

0.1649 

0.0298 

Opera t ing  Temperature 
OF 

312 

311 

311  

310  

3 1 1  

3 04 
310 

309 

3 0 6  

310 
2 7 0  

Average 
Water Saturation 

0.99 

0 .89  

0.79 

0 . 6 7  

0.54 

0 . 4 0  

0 . 3 2  

0.25 

0.17 
0 .LO 
0.02  
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Table D-1-2-3(b): Probe Signa1 and Yater S a t u r a t i o n  

Run No. LG3 
Date: 01/28/76 

D i e t m c e  from 
Closed End 

1.25 
1.75 
2.75 
3.75 
4.75 
5.75 
6.75 
7.75 
8.75 
9.75 

10.75 
11.75 
12.75 
13.75 
14.75 
15.75 
16.75 
17.75 
18.75 
19.75 
20.75 
21.75 

Au erag  e 

a 
S 

EIV - 
10.4 
10.3 
10.3 
10.4 
10.3 
10.2 
10.2 
Ic1 .2  
10.1 
10.1 
10.1 

10.1 
10.1 
10.0 
9.8 
9.4 
3.4 
9.5 
9.5 
9.6 
9.8 

10.1 

- 4 4 7 -  

s = 1  

8 

P'V - 
-7.6 
-7.6 
-7.7 
-8.0 
-7.5 
-7.4 
-7.5 
-7.5 
-7.6 
-8.0 
-7.9 
-7.9 
-7.9 
-8.1 
-8.2 
-8.5 
-8.3 
-8.7 
-8.6 
-8.7 
-8.6 
-9.7 

8 -a  s w 
I?.V 

18.0 
17.9 
10.0 
18.4 
17.8 
17.6 
17.7 
17.7 
17.7 
18.7 
18.0 
18.0 
18.0 
18.2 
18.2 
18.3 
17.7 
18.1 
18.1 
18.2 
18.2 
19.5 

0 

KLV 

-5.8 
-5.5 
-5.4 
- 5.8 
-6.0 
-5.7 
-6.7 
-6.7 
-7.6 
-8.0 
- 7.9 
-7.9 
-8.0 
-8.1 
-8.3 
-8.5 
-8.2 
-8.7 
-8.6 
-8.7 
-8.7 
-9.9 

-ib7 
s = 0.99 

Qs-Q 
IRV - 
16.2 
15.8 
15.7 
16.2 
16.3 
15.9 
16.9 
17.2 
17.7 
18.1 
18.0 
1 8 . 0  
18.1 
18.2 
18.3 
18.3 
17.6 
18.1 
18.1 
18.2 
18.3 
19.7 

6, c: 

0.90 
0.88 
0.87 
0.88 
0.92 
0.90 
0.95 
0.97 
1.0 
1.0 
1.0 
1 . 0  
1.0 
1.0 
1.0 
1.0 
0.99 
1.0 
1.0 
1.0 
1.0 
1.0 

0.97 
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Tzble D-1-2-3(b), cont inued  

Distance frorn 
Closed End 

In 

1.25 
1.75 
2.75 
3.75 
4.75 
5.75 
6.75 
7.75 
8.75 
9.75 

10.75 
11.75 
12.75 
13.75 
14.75 
15.75 
16.75 
17.75 
18.75 
13.75 
20.75 
21.75 

Average 

0 

J?LV 

-5.7 
-5.3 
-5.0 
-4.8 
-4.9 
-4.9 
-6.0 
- E .  2 
-5.1 
-5.7 
-5.4 
- E  :9 
-6.4 
-5.4 
-7.3 
-7.6 
-8.2 
-8.1 
-8.4 
-8.7 
-8.1 
-8.8 

-w S = 0.89 

Qs-Q 

J?LV 

16.1 
15.6 
15.3 
15.2 
15.2 
15.1 
16.2 
16.4 
15.2 
15.8 
15.5 
17.0 
16. 5 
16.5 
17.3 
17.4 
17.6 
17.5 
17.9 
18.2 
17.7 
18. F 

@ k  

0.89 
0.87 
0.85 
0.83 
0.85 
0.86 
0.92 
0.93 
0.86 
0.87 
0.86 
0.94 
0.92 
0.91 
0.95 
0.95 
0.99 
3.97 
0.99 
1.0 
0.97 
0.95 

0.92 

-w s = 0.79 

Q ip -Q Q, f: 
S 

mv F.V 

-4.9 15.3 0.85 
-5 .0  15.3 0.85 
-4.6 14.9 0.83 
-4.5 14.9 0.81 
-4.5 14.8 0.83 
-4.8 15.0 0.85 
-5.8 16.0 0.90 
-5.4 15.6 0.88 
-5.1 15.2 0.86 
-5.5 15.6 0.86 
-5.4 15.5 0.86 
-5.5 15.6 0.87 
-5 .O 15.1 0.84 
-5.4 15.5 0.85 
-5.9 15.9 0.87 
-6.3 16.1 0.88 
-6.4 15.8 0.90 
-6.5 15.9 0.88 
- 6 . 8  16.3 0 . 9 9  
-6.8 16.3 0.90 
-7.3 16.9 0.93 
-7.4 17.2 0.88 

0.87 
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Table  D-1-2-3 ( b )  , cont inued  

Run 30. 012876 

Distance from 
Closed End 

In  

1.25 
1.75 
2.75 
3.75 
4.75 
5.75 
6.75 
7.75 
8.75 
9.75 

10.75 
11.75 
12.75 
13.75 
14.75 
15.75 
16.75 
17.75 
18.75 
19.75 
20.75 
21.75 

+J 
S = 0.67 

Q (3 -@ 4, f: 
S 

TL.ir mv - - 
-3.2 13.6 0.76 
-3.6 13.9 0.78 
- 3 . 3  13.6 0.76 
-3.0 13.4 0.73 
-3.1 13.4 0.75 
-3.7 13..9 0.79 
-4.7 14.9 0.84 
-4.3 14.5 0.82 
-3.9 14.0 0.79 
-Q.4 14.5 0.80 
-4.4 14.5 0.81 
-4.8 14.9 0.83 
- 4 . 2  14.3 0.79 
-4.5 14.6 0.80 
-5.1 15.1 0.83 
-5.2 15.0 0 .82  
-5.7 15.1 0.85 
-5.5 14.9 0.82 
-5.4 14.9 0.82 
-5.5 15.0 0.82 
-6.3 15.9 0.87 
-5.8 15.6 0.80 

-0.7 11.1 0.62 
-1.1 11.4 0.64 
-1.0 11.3 0.63 
-0.6 11.0 0.60 
- 0.9 11.2 0.63 
-1.6 11.8 0.67 
-2.6 12.8 0.72 
-1.9 12.1 0.68 
-2.0 12.1 0.68 
-2.2 12.3 0.68 
-2.2 12.3 0.68 
-2.3 12.4 0.69 
- 2.4 12.5 0.69 
-1.9 12.0 0.66 
-2.8 12.8 0.70 
-2.7 12.5 0.68 
-3.6 13.0 0.73 
-3.4 12.8 0.71 
-2.2 11.7 0.65 
-3.1 12.6 0.69 
-4.2 13.8 0.76 
-3.1 12.9 0.66 

Average 0.80 0.68 
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Tab l e  D-1-2-3(b), con t inued  

Distance from 
Closed End 

In 

1 . 2 5  
i . 7 5  
2 . 7 5  
3 . 7 5  
q . 7 5  
5 . 7 5  
5 . 7 5  
7 . 7 5  
8 . 7 5  
9 . 7 5  

1 9 . 7 5  
1 L . 7 5  
1 2 . 7 5  
1 3 . 7 5  
1 4 . 7 5  
i 5 . 7 5  
1 6 . 7 5  
1 7 . 7 5  
1 8 . 7 5  
19.75 
2 0 . 7 5  
2 1 . 7 5  

Average 

@ 

mv 

3 . 3  
3 . 0  
2 . 7  
3.0 
3 . 0  
2 . 2  
2 . 2  
2 . 4  
2 . 2  
2 . 3  
2 . 3  
2 . 2  
2 . 1  
2 . 5  
1 . 5  
1 . 4  
0 . 4  
0 .6  
1 . 5  
1.1 
0 . 9  
1 . 6  

- 

-W 
S = 0 . 4 0  

@ -3 
S 
IT.V 

7 . 1  
7 . 3  
7 . 6  
7 . 4  
7 . 3  
8 . 0  
8 . 0  
7 . 8  
7 . 9  
7 . 8  
7 . 8  
7 . 9  
8 . 0  
7 . 6  
8 . 5  
8 . 4  
3.0 
8 . 8  
8 . 0  
8 . 4  
8 . 7  
8 . 2  

I, f: 

0.39 
0 . 4 1  
0 . 4 2  
0 . 4 0  
0 . 4 1  
0 . 4 5  
0 . 4 5  
0 . 4 4  
0 . 4 5  
0 . 4 3  
0 . 4 3  
0 . 4 4  
0 . 4 4  
0 . 4 2  
0 . 4 7  
0 . 4 6  
0 . 5 1  
0 . 4 9  
0 . 4 4  
0 . 4 6  
0 . 4 8  
0 . 4 2  

0 . 4 4  

a 

- m V  

4 . 5  
4 . 2  
4 . 1  
4 . 2  
4 .2  
3 . 6  
3 .6  
3 . 8  
3 . 4  
3 . 5  
3 . 6  
3 . 4  
3.4 
3 . 7  
3 . 0  
2 .7  
1 . 9  
2 . 2  
2 . 7  
2 . 5  
2 . 4  
2 . 9  

-W 
S = 0.32 

Q s - Q  (I, :*: 

5 . 9  0.33 
6.1 0 . 3 4  
6 . 2  0 . 3 4  
6 . 2  0 . 3 4  
6 . 1  0 . 3 4  
6 . 6  0 . 3 8  
6 . 6  0 . 3 7  
6 . 4  0 . 3 6  
6 . 7  0 . 3 8  
6 . 6  0 . 3 6  
6 . 5  0 . 3 6  
6 . 7  0.37 
6 . 7  0 . 3 7  
6 . 4  0 . 3 5  
7 . 0  0 . 3 8  
7 . 1  0 . 3 9  
7 . 5  0 . 4 2  
7 . 2  0 . 4 0  
6 . 8  0 . 3 8  
7 .0  0 . 3 8  
7 . 2  0 . 4 0  
6 . 9  0 . 3 5  

0 . 3 7  
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Table D - 1 - 2 - 3 ( 5 ) ,  continued 

Distance from 
Closed End 

In 

1 . 2 5  
1 . 7 5  
2 . 7 5  
3 . 7 5  
4 . 7 5  
5 . 7 5  
6 . 7 5  
7 . 7 5  
8 . 7 5  
9 . 7 5  

1 0 . 7 5  
1 1 . 7 5  
1 2 . 7 5  
1 3 . 7 5  
1 4 . 7 5  
1 5 . 7 5  
1 6 . 7 5  
1 7 . 7 5  
1 8 . 7 5  
1 9 . 7 5  
2 0 . 7 5  
2 1 . 7 5  

5 . 3  
5 . 1  
5 . 0  
5 . 0  
5 . 0  
k . 6  
4 . 5  
Q . 6  
4 . 4  
4 . 4  
4 . 4  
4 . 4  
4 . 5  
4 . 6  
4 . 1  
3 . 8  
3 . 3  
3 . 4  
3 . 8  
3 . 7  
3 . 5  
4 . 0  

5 . 1  0 . 2 8  
5 . 2  0 . 2 9  
5 . 3  0 . 2 9  
5 . 4  0 . 2 9  
5 . 3  0 . 3 0  
5 . 6  0 . 3 2  
5 . 7  0 . 3 2  
5 . 6  0 . 3 2  
5 . 7  0 . 3 2  
5 . 7  0 . 3 1  
5 . 7  0 . 3 2  
5 . 7  0 . 3 2  
5 . 6  0 . 3 1  
5 . 5  0 . 3 0  
5 . 9  0 . 3 2  
6 . 0  0 . 3 3  
6 . 1  0 . 3 4  
6 . 0  0 . 3 3  
5 . 7  0 . 3 1  
5 . 8  0 . 3 2  
5 . 1  0 . 3 4  
5 . 8  0 . 3 0  

6 . 3  
6 . 2  
6 . 1  
6 . 2  
6 . 2  
5 .9  
5 . 8  
6 . 0  
5 . 8  
5 . 7  
5 . 7  
5 . 6  
5 . 7  
5 . 8  
5 . 4  
5 . 4  
5 . 0  
5 . 0  
5 . 0  
4 . 9  
4 . 7  
5 . 0  

S = 0.17 
- 4 . 7  

(9 -a (0 9: 
S 
mv 

4 . 1  0 . 2 3  
4 . 1  0 . 2 3  
4 . 2  0 . 2 3  
4 . 2  0 . 2 3  
4 . 1  0 . 2 3  
4 . 3  0 . 2 4  
4 . 4  0 . 2 5  
4 . 2  0 . 2 4  
4 . 3  0 . 2 4  
4 . 4  0 . 2 4  
4.4 0 . 2 4  
4 . 5  0 . 2 5  
4 . 4  0 . 2 4  
4 . 3  0 . 2 4  
4 . 6  0 . 2 5  
4 .4  0 . 2 4  
4 . 4  0 . 2 5  
4 . 4  0 . 2 4  
4 . 5  0 . 2 5  
4 . 6  0 . 2 5  
4 . 9  0 . 2 7  
4 . 8  0 . 2 5  

Average 0 . 3 1  0 . 2 4  
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Table  D-1-2-3(b), cont tnued  

Distance from 
Ciosed End 

I n  

1.25 
1.75 
2.75 
3.75 
4.75 
5.75 
6.75 
7.75 
8.75 
9.75 

10.75 
11.75 
12.75 
13.75 
14.75 
15.75 
16.75 
17.75 
18.75 
19.75 
20.75 
21.75 

-+? 
s = 0.10 

7.3 3.1 
7.2 3.1 
7.2 3.1 
7.2 3.2 
7.2 3.1 
7.0 3.2 
6.8 3.4 
6.9 3.3 
5.8 3.3 
6.8 3.3 
6.8 3.3 
6.8 3.3 
5.8 3.3 
6.8 3.3 
6.5 3.5 
6.2 3.6 
6.0 3.4 
6.0 3 . 4  
6.1 3.4 
6.1 3.4 
6.1 3.5 
6.3 3.5 

0.17 
0.17 
0.17 
0.17 
0.17 
0.18 
0.19 
0.19 
0.19 
0.18 
0.18 
0.18 
0.18  
0 . 1 8  
0 . 1 9  
0 . 2 0  
0.19 
0 . 1 9  
0 . 1 9  
0.19 
0 .I9 
0 . 1 8  

s = 0 .02  
-7 

0 Qs-@ Q, .z: 

mv mv - - 
9 . 1  1.3 0.07 
9 . 1  1.2 0.07 
9 . 1  1.2 0.07 
9.2 1.2 0 .07  
9.2 1.1 0.06  
9 .0  1.2 0.07 
9.0 1.3 0.07 
9.1 1.1 0.06 
9 . 0  1.1 0.06 
9 .0  1.1 0.06 
9 . 0  1.1 0.06 
9 .0  1.1 0 .06  
9.0 1.1 0 .96  
8.9 1.2 0.07 
8.4 1.6 0.09 
8.5 1.3 0.07 
8 .2  1.2 0.07 
8.3 1.1 0.06 
8.4 1.1 0.06 
8.4 1.1 0.06 
8.4 1.2 0.07 
8 .5  1 . 3  0.07 

0 .07 
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D- 1- 3.  C a l i b r a t i o n  of  t h e  Capaci tance Probe i n  t h e  S m l l  

Gra in  Diameter Sand Pack ( 2 0- 8 0  Flesh) ~hrith Steam-Water Y i x t u r e s  

at High TemDeratures 
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Table  D-1-3-l(a) : Xass In- Place ,  Temperature and Water 
S a t u r a t i o n  

Run No. : S G l  
Date: 02/73/76 
Pore Volume: 0 . 0 2 8 0  cu ft 
I n i t i a l  Mass: 1.7456 l b  

Mass In- Place 
lb 

1.5038 
1 . 3 9 5 7  

1 . 3 0 2 3  

1 . 2 0 1 5  

L.077E 

0 . 9 2 5 3  

0.7606 

0.6058 

0.5247 

0 .e341 
0 . 3 2 7 8  

0 . 2 3 2 5  

9 . 1 2 0 6  

Opera t ing  Temperature 
O F  

3 0 2  

3 0 2  

3 0 2  

3 0 2  

3 0 2  

3 0 2  

301 
301 
3 0 0  

3 0 0  

3 0 0  

3 0 1  

3 0 0  

Average 
Water S a t u r a t i o n  

0.94 
0 . 8 7  

0 . 8 1  

0.74 

0 . 6 7  

0 .57 

0 .47  

0 . 3 7  

0 . 3 2  

0 .26  

0 . 2 0  

0 .14  

0.07 



Run fo. SGI 
Date: 0 2 / 1 3 / 7 6  

Distmce from 
C l o s e d  End 

In 

1 . 2 5  
1 . 7 5  
2 . 7 5  
3 . 7 5  
4 . 7 5  
5 . 7 5  
5 . 7 5  
7 . 7 5  
3 . 7 5  
2 . 7 5  

1 0 . 7 5  
1 1 . 7 5  
1 2 . 7 5  
1 3 . 7 5  
1 4 . 7 5  
1 5 . 7 5  
1 6 . 7 5  
1 7 . 7 5  
1 8 . 7 5  
1 9 . 7 5  
2 0 . 7 5  
2 1 . 7 5  

Xveylage 

-+! 
s = 1.0 

0 
S 

P.T; - 
9 . 9  
9.9 
'1.9 

10.0 
5 . 9  
3.9 
3 . 9  
9 . 8  
3 . 8  
9 . 8  
9 . 8  
9 . 9  
9 . 9  
9 . 9  
3 . 9  
S . 8  
9 . 8  
3 . 8  
9 . 8  
9 . 9  

1 0 . 0  
10.0 

3 w 
mi/ - 

- 7 . 8  
- 7 . 9  
- 8 . 3  
-8.1 
- 8 . 0  
- 8 . 2  
- 8 . 6  
- 8 . 7  
- 8 . 5  
- 8 . 7  
- 8 . 9  
- 3 . 1  
- 8 . 3  
- 3 . 5  
- 9 . 6  
- 9 . 5  

- 1 0 . 5  
- 1 1 . 0  
- 1 2 . 3  
- 1 3 . 4  
- 1 3 . 6  
- 1 5 . 4  

s -@w 
??lV 

1 7 . 7  
1 7 . 8  
1 8 . 2  
1 8 . 1  
1 7 . 9  
1 8 . 1  
1 8 . 5  
1 8 . 5  
1 8 . 3  
1 8 . 5  
1 8 . 7  
1 3 . 0  
1 9 . 2  
1 9 . 4  
1 9 . 5  
1 9 . 3  
2 0 . 3  
2 0 . 8  
2 2 . 1  
2 3 . 3  
2 3 . 6  
2 5 . 4  

-h' 
s = 0 . 9 4  

Q 
FlV 

- 6 . 6  
- 7 . 1  
- 7 . 9  
- 7 . 7  
- 7 . 2  
- 8 .2  
- 8 . 6  
- 8 . 7  
- 8 . 5  
- 8.5  
-8.8 

- 9 . 1  
- 9 . 4  
- 9 . 5  
- 9 . 3  

-10 * 0 
- 1 0 . 3  
-11.7 
- 1 2 . 9  
-13.1 
-14.5 

- 8 . 7  

8g-6) 

- ?TlV 

1 6 . 5  
1 7 . 0  
1 7 . 8  
1 7 . 7  
1 7 . 1  
1 8 . 1  
1 8 . 5  
1 8 . 5  
1 8 . 3  
18.3 
1 8 . 6  
1 8 . 6  
1 9 . 0  
1 9 . 3  
1 9 . 4  
1 9 . 1  
1 9 . 8  
2 0 . 1  
2 1 . 5  
2 2 . 8  
2 3 . 1  
2 4 . 5  

6 f: 

0 . 9 3  
0 . 9 6  
0 . 9 8  
5 . 9 8  
0 . 9 6  
1 . 0 0  
1 . 0 0  
1.00 
1 . 0 0  
0 . 9 9  
0 . 9 9  
0 . 9 8  
0 .99  
0 . 9 9  
0 . 9 9  
0 . 9 9  
0 . 9 8  
0 . 9 7  
0 . 9 7  
5 . 9 8  
0 . 9 8  
0 . 9 6  

0 . 9 8  
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Table  3 - 1 - 3 - 1 ( b ) ,  c o n t i n u e d  

Run No. SG1 

Distance f r o n  
Closed End 

In 

a . 2 5  
1 . 7 5  
2 . 7 5  
3 . 7 5  
c . 7 5  
5 . 7 5  
6 . 7 5  
7 . 7 5  
8 . 7 5  
9 . 7 5  

1 0 . 7 5  
1 1 . 7 5  
1 2 . 7 5  
1 3 . 7 5  
1 4 . 7 5  
1 5 . 7 5  
1 6 . 7 5  
1 7 . 7 5  
1 8 . 7 5  
1 9 . 7 5  
2 0 . 7 5  
2 1 . 7 5  

-W 
S = 0 . 7 4  

a 4, - @  9: 
S 

E.V l?lV - 
- 4 . 5  1 4 . 4  0 . 8 1  
- 4 . 6  1 4 . 5  0 . 8 1  
- 4 . 7  1 4 . E  0 . 8 0  
- 2 . 7  1 2 . 7  0 . 7 0  
- 3 . 5  1 3 . 4  0 . 7 5  
- 5 . 7  1 5 . 6  0 . 8 6  
- 5 . 0  1 5 . 9  0 . 8 6  
- 7 . 1  1 6 . 9  0 . 9 1  
- 7 . 3  1 7 . 1  0 . 9 3  
- 7 . 5  1 7 . 3  0 . 9 4  
-? .4  1 7 . 2  0 . 9 2  
- 5 . 9  1 5 . 8  0 . 8 3  
- 7 . 0  1 6 . 9  0 . 8 8  
- 7 . 2  1 7 . 1  9 . 8 8  
- E . 3  1 6 . 2  0 . 8 3  
- 8 . 0  1 7 . 8  0 .92  
- 8 . 0  1 7 . 8  0 . 8 8  
-7.4 1 7 . 2  0 . 8 3  
- 7 . 7  1 7 . 5  0 . 7 9  
- 7 . 6  1 7 . 5  0 . 7 5  
- 6 . 7  1 6 . 7  0 . 7 1  
- 5 . 3  1 6 . 3  0 . 6 4  

-w S = ' 0 . 6 7  

@ 0 -4, 

mv TLV 

- 2 . 5  1 2 . 4  
- 3 . 0  1 2 . 9  
- 3 .1  1 3 . 0  
- 0 . 7  1 0 . 7  
- 2 . 1  1 2 . 0  
- 4 . 2  1 4 . 1  
- 3 . 7  1 3 . 6  
- 4 . 7  1 4 . 5  
- 4 . 4  1 4 . 2  
- 5 . 3  15.1 
- 5 . 2  1 5 . 0  
- 3 . 8  1 3 . 7  
- 5 . 3  1 5 . 2  
- 5.6  15.5 
- 4 . 7  1 4 . 6  
- 6 . 5  1 6 . 3  
- 6 . 8  1 6 . 6  
- 5 .9  1 5 . 7  
- 6 . 7  1 6 . 5  
- 6 . 5  1 6 . 4  
- 5 .5  1 5 . 5  
- 4 . 4  1 4 . 4  

S 

9 . 7 0  
9 . 7 2  
0 . 7 1  
0 . 5 9  
0 . 6 7  
0 . 7 8  
0 . 7 4  
0 . 7 8  
0 . 7 8  
9 . 8 2  
0 . 8 0  
0 . 7 2  
0 . 7 9  
0.80 
0 . 7 5  
0 . 8 4  
0 .82  
0 . 7 5  
0 . 7 5  
0 . 7 0  
0 . 6 6  
9 . 5 7  

A v e r a g e  0 . 8 3  0 . 7 4  
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Table D-1-3-1(b), cont inued  

Distance from 
Closed End 

In 

1.25 
1.75 
2.75 
3.75 
4.75 
5.75 
6.75 
7.75 
8.75 
3.75 

10.75 
11.75 
12.75 
13.75 
14.75 
15.75 
16.75 
17.75 
18.75 
19.75 
20.75 
21.75 

Average 

-w s = 0.57 

0 

mv 

-2.1 
-2.7 
-2.3 
-0.1 
-1.8 
-3.7 
-3.0 
-3.9 
-3.7 
-4.8 
-4.1 
-2.3 
-3.4 
-3.2 
-2.5 
-4.4 
-3.7 
-2.6 
-3.5 
-3.7 
-3.5 
-2.5 

- 
a -a 

S 

mv - 
12.0 
12.6 
12.2 
10.1 
11.7 
13.6 
12.9 
13.7 
13.5 
14.6 
13.9 
12.2 
13.3 
13.1 
12.4 
14.2 
13.5 
12.4 
13.3 
13.6 
13.5 
12.5 

I, a 

- 
0.68 
0.71 
0.67 
0.56 
0.65 
0.75 
0.70 
0.74 
0.74 
0.79 
0.74 
0.64 
0 . 6 9  
0 .68  
0.64 
0.74 
0.67 
0.60 
0.60 
0.58 
0.57 
0.49 

0.67 

+d 
s = 0.47 

I, 

P.V 

- 0.6  
-1.. 1 
- 0.9 
1.2 
0.0 
-1.8 
-1.3 
-1.5 
- 0.9 
-1.5 
- 0.8  
0.6 
0.0 
0.0 
0 . 3  
-1.2 
-0.8 
0.2 
-1.0 
-1.3 
-1.7 
- 0.5  

Q s - O  

mv 

10.5 
11.0 
10.8 

8.8  
9 . 9  

11.7 
11.2 
11.3 
10.7 
11.3 
10.6 
9.3 
9.9 
9.9 
9.6 

11.0 
10.6 
9.6 

10.8 
11.2 
11.7 
10.5 

@ 5  

0.59 
0.62 
0.59 
0.49 
0.55 
0.65 
0.61 
0.61 
0 .58  
0.61 
0.57 
0.49 
0.52 
0.51 
0.49 
0 . 5 7  
0 .52  
0 .46  
0.49 
0.48 
0.50 
0.41 

0.54 
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Table D-1-3-1(b), cont inued  

--ci7 
S = 0.36 

Dis tance  from 
Closed End Q Q <: a 

4 7  
S = 0.31 

Qs-Q (9 J: 

1.25 
1.75 
2.75 
3.75 
4.75 
5.75 
6.75 
7.75 
8.75 
9.75 

10.75 
11.75 
12.75 
13.75 
14.75 
15.75 
16.75 
17.75 
18.75 
19.75 
20.75 
21.75 

1.8 8.1 
1.6 8.3 
1.6 8.3 
3.0 7.0 
2.3 7.6 
i.1 8.8 
1.5 8.4 
1.5 8.3 
1.7 8.1 
1.3 8.5 
L . 0  7.8 
3.9 6.9 
2.3 7-6 
2.3 7.6 
2.2 7.7 
0.6 9.2 
1.3 8.5 
1.3 + 8 . 5  
0 9.8 
0 .6  9.3 
3.3 9.1 
1.8 8.2 

9 

0.46 
0.47 
0.46 
0.39 
0.42 
0.49 
0.45 
0.45 
0.44 
0.46 
0.42 
0.36 
0.40 
0.39 
0.39 
0.48 
0.42 
0.41 
0.44 
0.40 
0.39 
0.32 

3. L 
2.9 
2 . 9  
4.0 
3.5 
2.3 
2.7 
2.7 
2.8 
2.4 
2.3 
3.7 
3.1 
3.0 
3.1 
1.7 
2.0 
2.3 
1.6 
2.0 
2.3 
3 . 3  

6.8 
7.0 
7.0 
6.0 
6.4 
7.6 
7.2 
7.1 
7.0 
7.4, 
6.9 
6.2 
6.8 
6.9 
6.8 
8.1 
7.8 
7.5 
8.2 
7.9 
7.7 
6.7 

0.38 
0.39 
0.38 
0.33 
0.36 
0.42 
0.39 
0.38 
0.38 
0.40 
0.37 
0.33 
0.35 
0.36 
0.35 
0.42 
0.38 
0.36 
0.37 
0.34 
0 . 3 3  
0.26 

Average 0.42 0.37 
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Table D-1-3-1(b), Continued 

Di s t ance  from 
Closed End 

I n  

1.25 
1.75 
2.75 
3.75 
4.75 
5.75 
6.75 
7.75 
8.75 
9.75 

10.75 
11.75 
12.75 
13.75 
14.75 
15.75 
16.75 
17.75 
18.75 
19.75 
20.75 
21.75 

-W 
S = 0.25 

4.2 5.7 
4 . 1  5.8 
4 . 0  5.9 
4.8 5.2 
? . e  5.5 
3.4 6.5 
3.7 6.2 
3.7 6.1 
3.8 6.0 
3.7 6.1 
k . 1  5.7 
4.7 5.2 
9.3 5.6 
4.2 5.7 
4.2 5.7 
3.3 6.5 
3.6 6.2 
3.5 6.3 
2.8 7.0 
3.1 6.8 
3.4 6.6 
4.2 5.8 

0.32 
0.33 
0.32 
0.29 
0.31 
0.36 
0.34 
0.33 
0 . 3 3  
0 . 3 3  

0 . 2 7  
0 . 2 9  
0.29 
0.29 
0 . 3 4  
0 . 3 1  
0.30 
0 . 3 2  
0 . 2 9  
0.28 
0 . 2 3  

- 0.30 

(b 

-7 
S = 0.13 

19s-Q' 

6.6 
6 . 5  
6 . 4  
6.9 
6.8 
6.1 
6.1 
6.1 
6.1 
6.0 
6.0 
6.5 
6 . 3  
6.4 
6.5 
6.1 
6.4 
6 .5  
6.4 
6 . 7  
7 . 0  
7.6 

3.3 
3 . 4  
3.5 
3.1 
3.1 
3.8 
3.8 
3 . 7  
3 . 7  
3.8 
3 . 8  
3 . 4  
3 . 6  
3.5 
3.4 
3 . 7  
3.4 
3 . 3  
3 . 4  
3 . 2  
3 . 0  
2.4  

- 
0.19 
0.19 
0.19 
0.17  
0.17 
0 . 2 1  
0.21 
0.20 
0 . 2 0  
0.21 
0.20  
0.18 
0.19 
0.18 
0 . 1 7  
0.19 
0.17 
0.16 
0.15 
0.14 
0 . 1 3  
0.09 

Average 0 . 3 1  0.18 
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Table D-l-3-l(b), c o n t i n u e d  

Distance from 
Clo s ed End 

In 

1.25 
1.75 
2.75 
3.75 
4.75 
5.75 
5 .75 
7.75 
8.75 
9.75 

10.75 
11.75 
12.75 
13.75 
14.75 
15.75 
16.75 
17.75 
18.75 
19.75 
20.75 
21.75 

- 4 3  
S = 0.06 

a, cDs-0 Q2? 

m.v m.v - 
7.8 2.1 0.12 
7.6 2.3 0.13 
7.6 2.3 0.13 
7.8 2.2 0.12 
7.9 2.0 0.11 
7.4 2.5 0.14 
7.2 2.7 0.15 
7.0 2.8 0.15 
6.9 2.9 0.16 
6.8 3.0 0.16 
7.0 2.8 0.15 
7.3 2.6 0.14 
7.1 2.8 0.15 
7.1 2.8 0.14 
7.2 2.7 0.14 
6.9 2.9 0.15 
7.2 2.6 0.13 
7.3 2.5 0 . 1 2  
7.4 2.4 0.11 
7.8 2.1 0.09 
8.1 1.9 0.08 
3.7 1.3 0.05 

Q, 

-54 
s = 0.19 

0 -0  
S 

Q f: 

TIlV - mv 

5.7 4.2 
5.5 4.4 
5.4 4.5 
6.3 3.7 
5.9 4.0 
5.2 4.7 
5.3 4.6 
5.2 4.6 
5.2 4.6 
5.1 4.7 
5.3 4.5 
5.8 4.1 
5.4 4.5 
5.4 4.5 
5.5 4.4 
4.9 4.9 
5.1 4.7 
5.3 4.5 
4.9 4.9 
5.1 4.8 
5.2 4.8 
5.6 4.4 

0.24 
0.25 
0.25 
0.20 
0.22 
0.26 
0.25 
0.25 
0.25 
0.25 
0.24 
0.22 
0.23 
0.23 
0.23 
0.25 
0.23 
0.22 
0.22 
0.21 
0.20 
0.17 

Average 0.13 0 . 2 3  
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T a b l e  D-1-3-2 (a) : !,:ass In- Place ,  Temperature and Water 
S a t u r a t i o n  

Run No. : SG2 
Dzte: 0 2 / 1 7 / 7 6  
Pore Volume: 0 . 0 2 7 1 9  cu ft 
I n i t i a l  Mass: 1 . 6 9 7 6  l b  

Yass In- Place  Opera t ing  Temperature 
1 b  OF 

L . 5 1 9 9  
1.4165 
1 . 3 1 6 2  
I. 2 1 1 0  
1 . 1 0 5 6  
0 . 9 9 5 8  
0 , 8 9 0 0  
0 . 7 6 6 %  
0 . 6 3 9 8  
0 . 5 0 2 7  
0 . 3 4 3 7  
0 . 1 5 4 3  

300  
3 0 1  
301 
3 0 1  
300 
3 0 0  
2 9 9  
2 9 6  
3 0 0  
2 9 6  
3 0 0  
2 9 8  

Average 
Water S a t u r a t i o n  

Fraction 

0 . 9 8  
0 . 9 1  
0.84 
0 . 7 8  
0 . 7 1  
0 . 6 4  
0.57 
0 . 4 9  
0.41 
0 .32  
0 .22  
0.10 
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T a b l e  D-1-3-2(b): Probe S i g n a l  an2 Yater Saturation 

Distance from 
Closed End 

I n  

1 . 2 5  
1 . 7 5  
2 . 7 5  
3 . 7 5  
4 . 7 5  
5 . 7 5  
6 . 7 5  
7 . 7 5  
8 . 7 5  
9 . 7 5  

1 0 . 7 5  
1 1 . 7 5  
1 2 . 7 5  
1 3 . 7 5  
1 4 . 7 5  
1 5 . 7 5  
1 6 . 7 5  
1 7 . 7 5  
1 8 . 7 5  
1 9 . 7 5  
2 0 . 7 5  
2 1 . 7 5  

s = 1 . 0 0  
4? 

(r, (r, @ -0 

mv mv mv 

9 . 5  -51. 3 1 4 . 8 0  
9 . 6  -51.4 1 5 . 0  
9 . 6  -51.5 1 5 . 1  
9 . 6  -51.9 1 5 . 5  
9 . 6  -58.6 1 5 . 2  
9.6 -5 ' . 8  1 5 . 4  
9.6 - 6 . 4  1 6 . 0  
9 . 6  - 6 . 0  1 5 . 6  
9 . 6  -6.1 1 5 . 7  
9 . 5  - 6 . 2  1 5 . 7  
2 . 5  - 6 . 2  1 5 . 7  
9 . 5  - 6 . 2  1 5 . 7  
9 . 5  - 6 . 5  16.5 
9 . 5  - 6 . 5  1 6 . 0  
9 . 5  - 6 . 6  1 6 . 1  
9 . 4  - 6 . 8  1 6 . 2  
9 . 4  - 7 . 3  1 6 . 7  
Q . 4  - 7 . 9  1 7 . 3  
9 . 4  - 8 . 8  1 8 . 2  
0 . 4  - C l  , 2  1-8.6 
3 . 4  - 9 . 8  1 9 . 2  
9.4 - 1 l . 4  2 0 . 8  

S :,; s \7 

- 

-w S = 0 .98  

Q, a, -0 Q, ;1; 
S 

FlV m V  

- 4 . 2  1 3 . 7  0 .93  
- 4 . 7  1 4 . 3  0 . 9 5  
- 4 . 8  1 4 . 4  0 . 9 5  
- 4 . 5  1 4 . 1  0 . 9 1  
- 4 . 6  1 4 . 2  0 . 9 3  
- 5 . 2  14.8 0 . 9 6  
- 5 . 5  1 5 . 1  0 . 9 4  
- 5.8 1 5 . 4  0 . 9 9  
-6.1 1 5 . 7  1.00 
-6.2 1 5 . 7  1.00 
- 6 . 2  1 5 . 7  1 . 0 3  
- 6 . 2  1 5 . 7  1 . 0 0  
- 6 . 2  15.7 0.98 
- 6 . 5  1 6 . 0  1.00 
-6.6 16.1 1 . 0 0  
- 6 . 7  15.1 0.99 
-7.2 1 6 . 6  0.99 
- 7 .7  17.1 0 . 9 9  
-8.1 17.5 0.96 
-9.1 18.5 0.99 
- 9.3 18.7 0 . 9 7  

- 10.5  1 9 . 9  0 .96  

Average 0.96 
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Table D-1-3-2(b), cont inued 

Distance from 
Closed End 

In 

1.25 
1.75 
2.75 
3.75 
4.75 
5.75 
6.75 
7.75 
8.75 
9.75 

10.75 
11.75 
12.75 
13.75 
14.75 
15.75 
16.75 
17.75 
18.75 
19.75 
20.75 
21.75 

S = 0'. 87 -w 

3 6 - a  
S 

2-V T;?V 

-5.4 15.3 
-5.5 15.4 
-5.8 15.7 
-4.4 14.4 
- 4 . 6  14.5 
-6.8 16.7 
-7.5 17.4 
-7.8 17.6 
- 8 . 3  18.1 
-8.3 18.1 
-8.3 18.1 
-7.7 17.6 
-8.5 18.4 
-9.1 19.0 
-9 .4  1 9 . 3  
-9.3 19.1 
- 9 . 6  1.9 . 4 
- 9 . 8  19.6 
-19.9 19.8 
-11. 3 21.2 
-12.0 -22.0 
-13.5 -23.5 

:.: 

-. 

0.86 
0.87 
0.86 
0.80 
0.81 
0.92 
0.94 
0.95 
0.99 
0.98 
0.97 
0 . 9 3  
0.96 
0.98 
0.99 
0.99 
0 . 9 5  
0.94 
0.90 
0.91 
0.93 
0.93 

-4.9 
-4.5 
-5.3 
-3.4 
-3.9 
- 6.4  
-7.0 
-7.7 
-7.7 
-7.9 
-7.8 
-6.6 
-7 -4 
-8.4 
- 8.0 

-9.2 
-8.8 
-9.0 
-8.7 
-9.4 

- 10 .4  

-8. a 

14.8 0.84 
14.4 0.81 
15.2 0 . 8 4  
13.4 0.74 
13.8 0.77 
16.3 0.90 
16.9 0.91 
17.5 0.95 
17.5 0.96  
17.7 0.96 
17.6 0.94 
16.5 0.87 
17.3 0.90 
18.3 0.94 
17.9 0.92 
18.6 0.96 
19.0 0 . 3 4  
18.6 0.89 
18.8 0.85 
18.6 0.80 
19.4 0.80 
20.4 0.80 

Average 0.93 0.88 
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Table D-1-3-2(b), cont inued  

D i s t a n c e  from 
Closed End 

I n  

1.25 
1.75 
2.75 
3.75 
4.75 
5.75 
6.75 
7.75 
8.75 
9.75 

10.75 
11.75 
12.75 
13.75 
14.75 
15.75 
16.75 
17.75 
18.75 
19.75 
20.75 
21.75 

Average 

S 
4d 

Q 
mv 

-3.6 
-4.0 
-4.2 
-3.3 
-3.6 
-5.2 
-5.2 
-5.2 
-5.5 
-5.4 
-5.5 
-4.9 
-5.7 
-6.1 
-6.2 
-6.3 
-6.4 
-7.1 
-7.1 
-8.2 
-8.2 
- 8 . 4  

= 0.91 

d -0 
S 
PLV 

13.1 
13.6 
13.8 
12.9 
13.2 
14.8 
14.8 
14.8 
1.5.1 
14.9 
15.0 
14.4 
15.2 
15.6 
15.7 
15.7 
15.8 
16.5 
1-5. 5 
17.6 
17.6 
17.8 

@ :: 

0.89 
0.91 
0.91 
0.83 
0.89 
0.96 
0.93 
0.95 
0.96 
0.95 
0.96 
0.92 
0.95 
0.98 
0.98 
0.98 
0.95 
0.95 
0.91 
0.95 
0.92 
0.86 

0.93 

-w S = 9 .84  

Q Q -Q 0 :: 
S 

-3.0 12.5 0.84 
-3.7 13.0 0.87 
-3.6 13.2 0.89 
- 2 . 3  11.9 0.77 
-2.8 12.4 0.82 
-4.1 13.7 0.89 
-4.6 14.2 0.89 
- 5 . 3  14.9 0.96 
- 5 . 4  15.0 0.96 
- 5 . 0  14.5 0.92 
- 5 . 0  14.5 0.92 
-4.0 13.5 0.86 
-5.4 14.9 0.93 
-5.8 15.3 0.96 
- 5 . 3  14.8 0.92 
- 6.4 15.8 r3.98 
-6.3 15.7 0.94 
-6.2 15.6 0.90 
-6.6 16.0 0.88 
-7.1 16.5 0.89 
-6.9 16.3 0.85 
-6.8 16.2 0.78 

0.89 
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-W 
S = 0 . 7 8  

Distance from 
Closed E:nd 0 @ - @  d, 5 

S 
In FlV FlV 

1 . 2 5  
1 . 7 5  
2 . 7 5  
3 . 7 5  
4 . 7 5  
5 . 7 5  
5 . 7 5  
7 . 7 5  
8 . 7 5  
9 . 7 5  

10.?5 
1 1 . 7 5  
1 2 . 7 5  
1 3 . 7 5  
1 4 . 7 5  
1 5 . 7 5  
1 6 . 7 5  
1 7 . 7 5  
1 E  , 7 5  
1 9 . 7 5  
20.?E 
2 1 . 7 5  

- 2 . 0  
- 2 . 2  
- 2 . 5  
- 0 . 4  
- 1 . 6  
- 3 . 5  
- 3 . 1  
- 3 . 9  
- 3 . 9  
- 4 . 2  
- 4 . 2  
- 3 . 2  
- 4 . 2  
- 5 . 2  
- 4 . 4  
- 6 . 1  
- 6  5 
-6.0 
- 6 . 4  
- 5 . 0  
- 6 . 5  
- 5 . 2  

1 1 . 5  
1 1 . 8  
1 2 . 1  
1 0  
1 1 . 2  
1 3 . 1  
1 2 . 7  
1 3 . 5  
1 3 . 5  
1 3 . 7  
1 3 . 7  
1 2 . 7  
1 3 . 7  
1 4 . 7  
13.9 
1 5 . 5  
1 5 . 9  
1 5 . 4  
1 5 . 8  
1 5 . 4  
1 5 . 9  
1 4 . 6  

0 . 7 8  
0 . 7 9  
0 . 8 0  
0 . 6 5  
0 . 7 4  
0 . 8 5  
0 . 7 9  
0 . 8 7  
0 . 8 6  
0 . 8 7  
0 . 8 7  
0 . 8 1  
0 . 8 6  
0 . 9 2  
0 . 8 6  
0 . 9 6  
0 . 9 5  
0 . 8 9  
0 . 8 7  
0 . 8 3  
0 . 8 3  
0 . 7 0  

mv 

- 1 . 9  
- 2 . 1  
- 2 . 3  
- 0 . 4  
- 1.6  
- 2 . 8  
- 2 . 6  
- 3 . 0  
- 2 . 9  
- 3 . 3  
- 2 . 6  
- 1 . 6  
- 2 . 8  
- 2 . 8  
- 2 . 5  
- 4 . 6  
- 5 . 5  
- 4 . 8  
- 5 . 1  
- 4 . 9  
- 4 .3  
- 3 . 4  

1 1 . 4  
1 1 . 7  
1 1 . 9  
1 0 . 0  
1 1 . 2  
1 2 . 4  
1 2 . 2  
1 2 . 6  
1 2 . 5  
1 2 . 8  
1 2 . 1  
11.1 
1 2 . 3  
1 2 . 3  
1 2 . 0  
1 4 . 0  
1 4 . 9  
1 4 . 2  
1 4 . 5  
1 4 . 3  
1 3 . 7  
1 2 . 8  

0 . 7 7  
0 . 7 8  
0 . 7 9  
0 . 6 5  
0 . 7 4  
0 . 8 1  
0 . 7 6  
0 . 8 1  
0 . 8 0  
0 . 8 2  
0 . 7 7  
0 . 7 1  
0 . 7 7  
0 . 7 7  
0 . 7 5  
0 . 8 6  
0 . 8 9  
0 . 8 2  
0 . 8 0  

. o .  7 7  
0 . 7 1  
0 . 6 2  

Average 0 . 8 3  0 . 7 7  
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Table D-1-3-2(b), con t inued  

Distance f ron  
Closed End 

In 

1.25 
1.75 
2.75 
3.75 
4.75 
5.75 
6.75 
7.75 
8.75 
9.75 

10.75 
11.75 
12.75 
13.75 
14.75 
15.75 
16.75 
17.75 
18.75 
19.75 
20.75 
21.75 

-w S = 0.64 

Q @ - 3  
S 

F.V ITLV 

-1.5 11.0 
-1.5 11.1 
-1.5 11.1 

0.4 9.2 
-0.7 10.3 
-2.3 11.9 
-1.6 11.2 
-2.2 11.8 
- 1.6  11.2 
-2.1 1 1 . 6  
-1.5 11.0 
-0.3 9.8 
-1.4 1.0.9 
-1.1 1.0.6 
-1.1 1.0.6 
-3.2 12.6 
-3.4 12.8 
-2.7 1.2.1 
-4.1 1.3.5 
-3.5 1.2.9 
-3.1 12.5 
-2.1 1.1.5 

0.74 
0.74 
0.74 
0.59 
0 . 6 8  
0.77 
0.70 
0.76 
0.71 
0.74 
0.70 
0.62 
0.68 
0 . 6 6  
0.66 
0.78 
0.77 
0.70 
0.74 
0.69 
0.65 
0.55 

4 1  
s = 0.57 

d cf, -Q cf, :: 
S 

mv KiV 

-0.5 
-0.8 
-0.8 
-1.2 
0.2 
-1.2 
-0.6 
-1.2 
-0.3 
-1.0 
-0.3 
0.9 
0 
0.2 
0.3 

- 1 .6  
-1.4 
-0.9 
-2.3 
-2.0 
-1.7 
-0.7 

10.0 
10.4 
10.4 
8.4 
9.4 

1 0 . 8  
LO. 2 
10.8 
9.9 

10.5 
9.8 
8 . 6  
9.5 
9.3 
9.2 
11.0 
10.8 
10.3 
11.7 
11.4 
1-1.1 
10.1 

0.68 
0.69 
0.69 
0.54 
0.62 
0.70 
0.64 
0 . 6 9  
0 . 6 3  
0.67 
0.62 
0.55 
0.59 
0.58 
0.57 
0.68 
0.65 
0.60 
0.64 
0 . 6 1  
0.58 
0.49 

Avwage  0 . 7 0  0 .62  
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Table D-1-3-2(b), c 3 n t i n u e d  

1.25 
1.75 
2.75 
3 .?5 
4.75 
5.75 
6.75 
7.75 
8.75 
9.75 

10.75 
11.75 
12.75 
13.75 
14.75 
15.75 
16.75 
17.75 
18.75 
19.75 
20.75 
21.75 

1.0 
0.6 
0.9 
2.6 
1.6 
0.4 
1.0 
c.7 
1.2 
0.6 
1.1 
2.3 
1.6 
1.6 
1.7 
0 
0.4 
0.6 

-8.7 
-1.0 
-1.5 
-0.5 

0.85 
3 
8.7 
7 
8 
9 . 2  
8.6 
8.9 
8.4 
8.9 
8.4 
7.2 
7.9 
7.3 

9 .4 
9.0 
8.8 
10. 1 
10.4 
10.9 

9 . 9  

7 . 8  

0.57 
0 . 6 9  
0.58 
0.45 
0.53 
0.60 
0.54 
3.57 
e .  54 
0.57 
0.54 
0.46 
0.49 
0.49 
0.48 
0.58 
0.54 
0.51 
0.55 
0.56 
0.57 
0.48 

s = 0 . 4 1  
4.7 

cp Q 4 & .i: 
s 

1 . 7  7 . 8  
1 . 5  8.1 
1.6 8 
3.0 6.6 
2 . 4  7 . 2  
1 . 4  8 . 2  
1.7 7.9 
1.8 7.8 
2 . 0  7.6 
1.5 8 . 0  
2.1 7.4 
2.8 6.7 
2 . 4  7.1 
2.4  7 . 1  
2 . 3  7.2 
1 . 0  8 . 4  
1 . 4  8 . 0  
1 . 5  7 . 9  
0 . 4  9 .0  
0 .4  9 .0  
0 .8  8 . 6  
1 . 7  7 . 7  

0 . 5 3  
0 . 5 4  
0.53 
0 . 4 3  
0 . 4 7  
0 . 5 3  
0 . 4 9  
0.50 
0 . 4 8  
0.51 
0.47 
0 . 4 3  
0 . 4 4  
0 . 4 4  
0 . 4 5  
0 . 5 2  
0 . 4 8  
0.46 
0 . 4 9  
0.48 
0 . 4 5  
0.37 

0 . 4 8  
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Table  D - 1 - 3 - 2 ( h ) ,  c o n t i n u e d  

3 i s tance  from 
Closed End 

In 

1 . 2 5  
1 . 7 5  
2 . 7 5  
3 . 7 5  
4 . 7 5  
5 . 7 5  
6 . 7 5  
7 . 7 5  
8 . 7 5  
9 . 7 5  

1 0 . 7 5  
i 1 . 7 5  
1 2 . 7 5  
1 3 . 7 5  
1 4 . 7 5  
1 5 . 7 5  
1 6 . 7 5  
1 7 . 7 5  
1 8 . 7 5  
1 9 . 7 5  
2 0 . 7 5  
2 1 . 7 5  

-w S = 0 . 3 2  

a Q - @  6 ;.; 
S 

mv m v 

3 . 3  6 . 2 0  0 . 4 2  
3 . 2  6 . 4  0 . 4 3  
3 . 4  6 . 2  0 . 4 1  
4 . 2  5 . 4  0 . 3 5  
3 . 9  5 . 7  0 . 3 8  
3 . 0  6 . 6  0 . 4 3  
3 . 3  6 . 3  0 . 3 9  
3 . 3  6 . 3  0 . 4 0  
3 . 5  6 . 1  0 . 3 9  
3 . 2  6 . 3  0.40 
3 . 6  5 . 9  0 . 3 8  
4 . 3  5 .2  0 . 3 3  
3 . 9  5 . 6  0 . 3 5  
3 . 8  5 . 7  0 . 3 6  
3 . 8  5 . 7  0 . 3 5  
2 . 7  6 . 7  0 . 4 1  
2 . 8  6 . 6  0.40 
3 . 0  6.4 0 . 3 7  
2 . 2  7 . 2  0 . 4 0  
2 . 3  7 . 1  0 . 3 8  
2 . 5  6 . 9  0 . 3 6  
3 . 3  6 . 1  0 . 2 9  

- -- 

-Td 
s = 0 . 2 2  

mv mv - 
5 . 2  4 . 3  
5 . 1  4 . 5  
5 . 1  4 . 5  
5 . 8  3 . 8  
5 . 6  4 . 0  
5 . 0  4 . 6  
5 . 1  4 . 5  
5 . 1  4 . 5  
5.1 4 . 5  
4.9 4 . 6  
5 . 1  4 . 4  
5 . 6  3.9 
5 . 3  4 . 2  
5 .3  4.2 
5 . 4  4 . 1  
4 . 9  4 . 5  
5 .0  4 . 4  
4.9 4 . 5  
4 . 5  4 . 9  
4 . 5  4 . 9  
4 . 7  4 . 7  
5 .1  4 . 3  

0 . 2 9  
0 . 3 0  
0 . 3 0  
0 . 2 5  
0 . 2 6  
0 . 3 0  
0 . 2 8  
0 . 2 9  
0 . 2 9  
0 . 2 9  
0 . 2 8  
0 . 2 5  
0 . 2 6  
0 . 2 6  
0.25 
0 . 2 8  
0 . 2 6  
0 . 2 6  

0 . 2 6  
0 . 2 4  
0 . 2 1  

0 . 2 7  

Average 0 . 3 8  0 . 2 6  
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Table D-1-3-2(b), cont inued  

d+? 
s = 0.10 

nis tance  from 
Closed End 

Q 0 -@ $ 2  
S 

1.25 
1.75 
2.75 
3.75 
4.75 
5.75 
5.75 
7.75 
8.75 
9.75 

10.75 
11.75 
12.75 
13.75 
14.75 
15.75 
16.75 
17.75 
18.75 
19.75 
20.75 
21.75 

7.0 2.5 
7.0 2.6 
7.0 2.6 
7.3 2.3 
7.2 2.4 
6.9 2.7 
6.8 2.8 
5.6 3.0 
6.6 3.0 
6.5 3.0 
6.6 2.9 
6.8 2.7 
6.7 2.8 
6.6 2.9 
6.8 2.7 
6.6 2.8 
6.7 2.7 
6.8 2.6 
6.8 2.6 
7.1 2.3 
7.2 2.2 
7.4 2.0 

0.17 
0.17 
0.17 
0.15 
0.16 
0.18 
0.18 
0.19 
0.19 
0.19 
0.18 
0.17 
0.18 
0.18 
0.17 
0.17 
0.16 
0.15 
0.14 
0.12 
0.11 
0.10 

! 

Average 0.16 
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The 

ra te  and 

summaries of i n l e t  and o u t l e t  p r e s s u r e ,  m.ass 

i n l e t  and o u t l e t  t empera tu re  are as follows: 

Inlet press -ce ,  p s i g  

1 2 3 - 
7 9 . 0  105 104 

1 2 . 0  21 1 6 . 5  

9 .7  7 . 0  7.9 

2 9 4  3 39 3 3 6  

2 3 8  2 4 4  2 34 

f lox 

4 

108 

35 

8 . 0  

3 3 7  

2 7 3  

r ? *  l n e  temperaTurz and s a t u r a t i o n  p r o f i l e s  will be p re sen t ed  i n  

t h e  f o l l o x k g  ta5les .  



1.25 
1.75 
2.75 
3.7s 
4.75 
5.75 
2.75 
7 .?5 
8.75 
3 .?5 
1';. 75 
11.75 
12.75 
13.75 
14.75 
15.75 
15.75 
17 .?5 
18 .?5 
19.75 
20.75 
21.75 

5.5 
5.9 
5.6 
5.4 
5 . 5  
5.? 
5.8 
5.7 
E . 6  
6.2 
6.2 
6.5 
6.1 
5 . 2  
5.8 
5.6 
5.G 
5.2 
5.2 
4.9 
5.1 
5.5 

-10.6 
-10.8 
-10.6 
-10.6 
-10.1 
-9.9 
-9.7 
-9.8 
-9.2 
-8.8 
-7.8 
-7.5 
-6.9 
-6.6 
-7.0 
-8.2 
-9 .I 
-9.7 

-10.0 
-10.4 
-10.5 
-10.6 

16.2 
16.7 
16.2 
16.0 
15.6 
15.6 
15.5 
15.5 
15.2 
15.0 
14.0 
14.3 
13.0 
12.11 
12.8 
13.8 
14.5 
14.9 
15.2 
15.3 
15.7 
16.1 

-10.5 
-11 1 cf 
-10.6 
-10.5 
-10.2 
-9. '", 
-9.7 
-9.7 
-9 *2 
-8.8 
-7.8 
-7.8 
-6.8 
- E .  E 
-7 .0  
-8.2 
-9 .I 
-9.5 
-9.6 
-9.9 
-19.1 
-10.1 

3 -Q 
S 
;3'1 

16.2 
16 .9  
16.2 
15.9 
15.7 
15.5 
15.5 
15.4 
15.2 
15.0 
1 4 . 0  
14.3 
12.9 
1 2 . 4  
12.8 
13.8 
14.5 
14.7 
14.8 
14.8 
15.2 
15.6 

1 . 0  
1 . 0  
1 . 0  
0 . 9 9  
i.0 
1.0 
1.0 
0.99  
1.0 
1.0 
1.0 
1.0 
0.99  
1 . 0  
1 2 . 8  
1 . 0  
1.0 
0 . 9 9  
0 .98  
0 .97  
0 .97  
0 .97  

E 
W 

1 . 0  
1 . 0  
1 .0  
0 . 9 7  
1.0 
1 . 0  
1.0 
0.97 
1.0 
1.0 
1.0 
1 . 0  
0 . 9 7  
1 . 0  
1 . 0  
1 .0  
1.0 
0 . 9 7  
0 .96 
0 . 9 4  
0 .94  
0 .94  

Xote: x h d i c z t e s  t h e  d i s t a n c e  from inlet end. 
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Table  D-2-3: Tempera tu re  P r o f i l e  f o r  S teady ,  Two-Phase F low 

1 

i n  
X- 

Run 1 

15 
1 8  

IY 
20  

21 

22 

23 

294 

294 

294 

294 

294 
294 

293 
292 
2 s 1: 

233 

Run 2 

339 

339 

339 

339 

338 

335 
332 

329 

324 

315 
- 
300 

Run 3 

336 

336 

3 36 

335 

3 34 
3 32 

330 

327 

322 

314 
- 

2 9 8  
- - .  

272 2 6 5  

2 4 4  2 34 

Run 4 

3 3'7 

336 

335 

3 35 

3 34 

333 

332 

3 31 
329 

324 

319 

313 

303 

293 

273 

Ncte - 1: x izdicz.ites t h e  d i s t a n c e  from I n l e t  End 
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The exper imenta l  da ta  for t h e s e  experiments will i n c l u d e  

mass p roduc t ion ,  i n l e t  and o u t l e t  p r e s s u r e ,  and t empera tu re  

profiles. 



Distance fro-- 
Closed End 

I n  

0 
4 
8 

1 2  
1 6  
20  
2 1  
2 2  
2 3  

Yass Troduced 
gm 

0 
34  
5 1  
8 0  

1 2 4  
1 3 0  
1 5 0 . 7  

0 

2 9 6  
2 9 5  
2 9 4  
2 9 3  
2 9 3  
2 9 4  

- 

- 
- 

2 9 7  

1 

2 9 7  
296 
2 9 4  
2 9 3  
2 9 2  
2 8 1  

- 

- 
- 

2 36 

Core P r e s s u r e  - p s i g  
Distance from 

Closed Fnd, inches 
0 2 3 . 5  

10s 
4 6  
4 3  
4 3  
4 1  
4 1  
41 

Temperature OF 

T i m e ,  min 
6 

2 9 7  
2 9 6  
2 9 5  
2 9 3  
290  
2 69 

- 

- 
- 

228  

16 

2 9 6  
2 9 5  
2 9 4  
2 9 1  
2 8 3  
2 6 2  

- 

- - 
2 2 4  

46 

2 9 5  
2 9 3  
289  
2 8 3  
2 7 3  
2 5 7  

- 

- - 
2 4 2  

5 2  

2 9 5  
29 3 
289  

2 74 
2 5 7  

- 

2 8 2  

- 
- 

2 5 2  

1 0 8  
2 0  
1 3  

1 0  
10 

9 

9 . 5  

7 2  

2 9 4  
2 9 1  
2 8 6  
2 7 9  
2 7 0  
2 5 3  
2 4 4  
2 6 4  
264 

- 
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rl l a b l e  3 - 3 - 2 :  ?:ass Product icn  and Temperature  Vi s to ry  for 

De2,letion Exper inent  2!u11 No. 2 

(Axbient Temperature: 342OF)  

Core P r e s s u r e  - p s i g  

0 
4 7  
80  

1 2 1  
1 5 8 . 8  
1 9 5 . 7  
2 9 1 . 0  

0 

0 
2 
4 
6 
8 

10 
1 2  
1 4  
1 6  
1 8  
1 9  
2 3  
ii 
2 2  
2 3  

3 4 0  

3 3 8  

3 3 7  

3 3 5  

3 3 4  
3 3 4  

3 3 4  
3 3 5  
338 
339 

- 

- 
- 

- 

3 4 0  

3 3 8  
- 

337  

336  

3 3 2  
3 2 3  

- 
- 

318  
2 9 5  
2 8 1  
2 4 5  

- 

Distance from 
Closed End, inches 

0 2 3 . 5  

2 1 2  
1 0 0  
LO 0 

9 7  
9 3  
8 8  
7 2  

Temperature OF 

T i m e ,  min 
5 

3 3 9  

3 3 8  

3 3 6  

3 3 3  
328 
3 2 2  
3 1 2  

2 9 6  
2 8 5  
2 7 2  
2 3 8  

- 

- 
- 
- 

- 

1 7  

3 3 8  

3 3 7  
3 3 6  
3 3 1  
3 2 6  
3 2 1  
3 1  6 
3 0 9  
2 9 8  

2 8 3  
2 7 3  
2 64 
2 2 6  

- 

- 

- 

3 2  

3 36 
335  
3 3 3  
3 3 1  
3 2 5  
3 2 0  
3 1 6  
309 
3 0 3  
2 9 4  

2 8 1  
2 7 3  
2 6 4  
2 6 7  

- 

- 

53 

3 3 1  
3 3 1  
3 2 8  
3 2 5  
3 1  9 
3 1  2 
308 
3 0 1  
2 9 5  
2 8 5  
2 7 9  
2 7 3  
2 6 6  
2 6 0  
3 0 1  

- 

2 1 3  
4 5  
2 5  
2 1  
2 0  
1 8  
1 4  

114 

3 2 1  
3 2 0  
3 1 7  
3 1 4  
309 
3 0 4  
2 9 9  
2 9 3  
2 8 8  
2 8 4  
2 8 5  
2 9 1  
3 0 2  
3 1 0  
3 2 2  

__. 
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The exper imenta l  d a t a  i n c l u d e  the r e s i s t i v i t i e s  O f  pro-  

duced water and de2os i t ed  salt c o n t e n t  i n  t h e  core. 

Table D-4-1: R e s i s t i v i t y  of Water P:roduced for Brine  Exper i-  
ment 

Karer Produced 

4 7 . 5  
9 7 . 5  

1 4 9 . 6  
2 1 1 . 9  
3 1 5 . 3  
3 2 6 . 6  

Brine @ 
1 2 0 0 0  ppn 

Dip Cell 
Meter Reading 

(m), R 

5 6 . 3  
5 6 . 3  
8 8 . 0  

2 , 1 4 0  
3 8 , 8 0 0  
5 2 , 8 0 0  

4 9 . 2  

T a b l e  D-4-2: S = , l t  Deposi t ion.  i n  t h e  Core 

Core No. 
S a l t  g e p o s i t e d  

PIT1 

0 . 1 6 6 0  
0 . 1 4 1 8  
0 . 1 7 7 0  
0 . 1 9 8 2  
0 . 2 1 1 1  
0 . 2 4 3 4  
0 . 2 4 4 4  
0 . 3 5 9 6  

R e s i s t i v i t y  
m f 1 . 2 6  

R - crn 

4 4 . 7  
4 4 . 7  
6 9 . 8  

1 6 9 8 . 4  
3 0 7 9 3 . 6  
4 1 9 0 4 . 8  

39.0  

S a l t  pe r  Tore V lume 
gm/cc x 1 0  5 

4 .824  
4 . 3 9 1  
5 .500 
6 . 1 6 7  
7 . 0 0 0  
7 . 5 4 7  
7 . 4 3 3  

1 1 . 1 2 6  
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I I 
Effluent from the short core 

0 NaC I solution 

I I t I l l  I I ,  t I I I t I l  I I 

io2 io3 
METER READING, fl 

FIGZRE: 3-4-1. SALT CONCENTRATION VS. DIP CELL CONDUCTIVITY 
METER READING 
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APPENDIX E 

PX9CEDURE FOP, DETERP4INING SALT CONTENT AND 

PE?YEA3ILITY CHP,hT:ZE: CATJSZD 3Y SkLT 

1. Cut c o r e  i n t o  a b o u t  2-tnch l e n g t h s  u s i n g  t u n g s t e n  c a r b i d e  

53cksaw. 

2 .  Xeasurz lenzth e and d iap .e ter .  

3 .  Cover o u t s i 2 2  dtameter  o f  t h e  c o r e  "Tith r e s i n .  P l u g  g lass  

4. 

5. 

6 .  

7 .  

U .  

9 .  

1 0 .  

gu ide  w ~ c n  r a k b e r  s t o p p e r  and p l i ~ g  thermocouple well  w i t h  

epoxy. Csre is wrapped with a h e a t  s h r i n k a b l e  t u b i n g .  

S l i d e  t5e c s r e  with s l e e v e  Lnto a s i l i c o n e  r u b b e r  s l e e v e .  

Fasten emis with hose  clamos. 

Heasure ~ a - ? . ~ a b i l i t y  t o  n i t r o g e n  u s i n g  s t a n d a r d  upstream 

pressc-..e (1.331 atrn to 1 . 0 3 2  a t m )  and s t a n d a r d  downstream 

presscire (1.010 atn). 

Flood w F t h  3 pore volumes o f  d e i o n i z e d  water. 

Measu-s. r e s i s t i v i t y  of t h e  e f f l u e n t  a t  each pore  volume. 

Calibrs.tl-  t h e  d i p  c e l l  c o n d u c t i v i t y  meter i n  t he  r a n g e  

of  salt m r c e n t r a t i o n  noted  i n  6 .  

<.educs ~ x ~ z s ~  i n  t h e  c o r e  by f l o o d b g  x i t h  n i t r o g e n .  

Dry i n  oven. 

Measure k a g a i n  us ing  same upstream and downstream p r e s s u r e .  

. -  

- 

IJ2 
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