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AESTKACT 

The e f f e c t  of tempera ture  on a b s o l u t e  p e r m e a b i l i t y  h a s  been a p o i n t  

of. disagreement  i n  t h e  petroleum l i t e r a t u r e  for many years .  Recent work 

a t  S t a n f o r d  U n i v e r s i t y  has  shown no dependence on tempera ture  of t h e  

a b s o l u t e  p e r m e a b i l i t y  t o  water of unconsol ida ted  sand c o r e s .  The 

o b j e c t i v e  of t h i s  r e p o r t  i s  t o  ex tend  t h e  i n v e s t i g a t i o n  t o  c o n s o l i d a t e d  

sands tone  by fo l lowing  similar exper imenta l  procedures  and observ ing  

whether any tempera ture  e f f e c t s  e x i s t .  

Fonta inebleau  sandstone w a s  chosen a s  t h e  core  sample because of 

i t s  low p o r o s i t y  and r e l a t i v e l y  c l a y - f r e e  composition. These 

c h a r a c t e r i s t i c s  a l low t h e  n a t u r e  of c o n s o l i d a t e d  sandstone p e r m e a b i l i t y  

t o  be s t u d i e d ,  while  minimizing t h e  e f f e c t s  of e x t r a n e o u s  f a c t o r s .  Such 

f a c t o r s ,  o f t e n  p r e s e n t  i n  Berea and Boise s a n d s t o n e s ,  i n c l u d e  

i n t e r s t i t i a l  c l a y  s w e l l i n g  i n  t h e  presence of d i s t i l l e d  water. 

P r o p e r t i e s  of sandstone d i f f e r  from those  of unconsol idated sand. 

Consequently,  t h e  e f f e c t s  of throughput  water  volume and f low r a t e ,  i n  

a d d i t i o n  t o  tempera ture ,  are s t u d i e d .  Mechanical d i f f i c u l t i e s  w i t h  

p a r t s  of t h e  exper imenta l  a p p a r a t u s  have prevented t h e  development of a 

s a t i s f a c t o r y  conclus ion  based on r e s u l t s  ob ta ined  t h u s  f a r .  

Recommendations are  provided for n e c e s s a r y  m o d i f i c a t i o n s  before  f u r t h e r  

experiments  are performed. When t h e s e  changes are implemented, a f i n a l  

run can be made t o  complete t h e  a n a l y s i s .  
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1 .  I N T R O D U C T I O N  

The behavior of f l u i d  f low through porous media is a s u b j e c t  of 

primary importance i n  pe t ro leum eng inee r ing .  An unders tanding  of t h e  

movement of f l u i d s  i n  rock  i s  e s s e n t i a l  t o  t h e  proper d e s c r i p t i o n  and 

development of hydrocarbon r e s e r v o i r s .  The f a c t o r s  t h a t  determine t h e  

n a t u r e  of flow have been q u a n t i f i e d  and expres sed  i n  a r e l a t i o n  known as 

Darcy's law. Darcy's l a w  d e f i n e s  a p r o p e r t y  known as p e r m e a b i l i t y ,  

which is  t h e  a b i l i t y  of a porous medium t o  t r a n s m i t  f l u i d s .  

One method of de te rmining  r e s e r v o i r  parameters  is core  a n a l y s i s ,  i n  

which t h e  p e r m e a b i l i t y  of a small sample  of t h e  r e s e r v o i r  rock  i s  

measured. I n  o r d e r  f o r  t h e  co re  sample t o  provide  a re l iab le  estimate 

of fo rma t ion  p e r m e a b i l i t y ,  r e l e v a n t  r e s e r v o i r  c o n d i t i o n s  are reproduced 

i n  t h e  l a b o r a t o r y .  T r a d i t i o n a l l y  p e r m e a b i l i t y  measurements have been 

made a t  room tempera ture  based on t h e  assumption t h a t  p e r m e a b i l i t y  i s  

independent of tempera ture .  This  assumption has been a t o p i c  of deba te  

i n  t h e  l i t e r a t u r e  f o r  many y e a r s .  Although a consensus has  y e t  t o  be 

reached, tempera ture  e f fec ts  on p e r m e a b i l i t y  would make r e v i s i o n s  i n  

a n a l y t i c a l  p r a c t i c e s  necessa ry  i n  o r d e r  t o  more c l o s e l y  r e p r e s e n t  

r e s e r v o i r  c o n d i t i o n s .  Not on ly  w i l l  co re  a n a l y s i s  be a f f e c t e d ,  but wi th  

t h e  i n c r e a s i n g  implementation of thermal  recovery  t echn iques ,  p o s s i b l e  

p e r m e a b i l i t y  v a r i a t i o n s  need t o  be i n v e s t i g a t e d .  
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2. LITERATURE SURVEY 

P e r m e a b i l i t y  i s  a p r o p e r t y  used t o  d e s c r i b e  t h e  a b i l i t y  of a 

porous medium t o  t r a n s m i t  f l u i d s .  The a b s o l u t e  p e r m e a b i l i t y  is  measured 

w i t h  t h e  porous medium 100% s a t u r a t e d  w i t h  a s i n g l e  f l u i d .  It was 

o r i g i n a l l y  assumed t h a t  t h e  p e r m e a b i l i t y  w a s  a f i x e d  c o n s t a n t  f o r  a 

g iven  porous medium and was n o t  a f f e c t e d  by t h e  choice  of f l u i d  o r  

tempera ture  a t  which t h e  measurement was made. Muskat (1937) s t a t e d  

t h a t  t h e  a b s o l u t e  p e r m e a b i l i t y  i s  “...a c o n s t a n t  determined only by t h e  

s t r u c t u r e  of t h e  medium i n  q u e s t i o n  and i s  e n t i r e l y  independent of t h e  

n a t u r e  of t h e  f l u i d .  ” 

Observed a l t e r a t i o n s  i n  t h e  f low behavior of f l u i d s  wi th  changing 

tempera ture  l e d  t o  attempts t o  d e f i n e  more c lear ly  the  f a c t o r s  govern ing  

flow. The f a m i l i a r  r e l a t i o n  used t o  d e s c r i b e  l i n e a r  f low i n  porous 

media i s  Darcy‘s Law: 

- kA dp 
q =  -- u d x  

which expresses flow rate q i n  terms of t h e  c r o s s - s e c t i o n a l  area of f low 

A ,  t he  v i s c o s i t y  of t h e  f lowing  f l u i d  dp E ’  
and t h e  a b s o l u t e  p e r m e a b i l i t y  k. 

p , t he  p r e s s u r e  g r a d i e n t  

I n  e a r l y  exper iments ,  v a r i a t i o n s  i n  p r e s s u r e  g r a d i e n t s  a t  cons t an t  

f l ow rates observed wi th  changing tempera ture  d id  no t  r e v e a l  the  n a t u r e  

of v a r i a t i o n s  i n  t h e  o t h e r  terms. It is g e n e r a l l y  accepted  t h a t  t h e  

v i s c o s i t y  of a l i q u i d  d e c r e a s e s  wi th  i n c r e a s i n g  tempera ture .  Grunberg 

and Nissan (1943) found t h a t  a l though the  tempera ture  e f f e c t  on f l u i d  
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v i s c o s i t y  could account f o r  some of t h e  observed v a r i a t i o n s ,  t h i s  was 

n o t  t h e  on ly  p r o p e r t y  a f f e c t i n g  f low as t empera tu re  f l u c t u a t e d .  They 

s t u d i e d  t h e  f low of aqueous s o l u t i o n s  through Jena  g l a s s  f i l t e r s  over a 

range of t empera tu res ,  and d e r i v e d  a d i r e c t  r e l a t i o n  between 

p e r m e a b i l i t y  and tempera ture .  The c o r r e l a t i o n  desc r ibed  a l i n e a r  

d e c r e a s e  i n  a b s o l u t e  p e r m e a b i l i t y  wi th  i n c r e a s i n g  tempera ture .  Th i s  

e f f e c t  was a t t r i b u t e d  t o  d i f f e r e n t  e f f e c t i v e  c ros s - sec t ions  under 

v i s c o u s  f low f o r  d i f f e r e n t  l i q u i d s  and t empera tu res  caused by 

d i f f e r e n c e s  i n  t h e  t h i c k n e s s  of adsorbed l a y e r s .  S ince  pe rmeab i l i t y  d id  

appear  t o  va ry  w i t h  t empera tu re ,  t h e  work of Grunberg and Nissan 

gene ra t ed  doubt as to whether i t  could be assumed c o n s t a n t .  

Greenberg et al. (1968) studied the variation of absolute 

p e r m e a b i l i t y  wi th  tempera ture .  Nine d i f f e r e n t  a r t i f i c i a l l y  c o n s o l i d a t e d  

c o r e s  were used t o  s i m u l a t e  t h e  p r o p e r t i e s  of r e s e r v o i r  rocks .  The 

a b s o l u t e  p e r m e a b i l i t y  t o  water was measured over  a range of 80°F t o  

140°F w i t h  no c o n f i n i n g  p r e s s u r e  a p p l i e d .  The r e s u l t s  were t h a t  an  

approximate 20% r e d u c t i o n  i n  p e r m e a b i l i t y  was found i n  f i v e  of t h e  

c o r e s ,  no change i n  two, and a s l i g h t  i n c r e a s e  i n  t h e  two o t h e r s .  

- -  

It should be noted t h a t  t h e  two i n v e s t i g a t i o n s  mentioned thus  f a r  

were performed w i t h  porous media u n l i k e  r e s e r v o i r  rock  and under 

c o n d i t i o n s  t h a t  f a i l e d  t o  r e p r e s e n t  t hose  i n  any o i l  r e s e r v o i r .  

However, t h e  impor t an t  p o i n t  i s  t h a t  t h e  c o n f l i c t i n g  r e s u l t s  ob ta ined  

s t i m u l a t e d  f u r t h e r  r e s e a r c h  on p o s s i b l e  tempera ture  e f f e c t s  on 

p e r m e a b i l i t y  . 
A parameter a f f e c t i n g  t h e  f low of r e s e r v o i r  f l u i d s  t h a t  ga ined  

c o n s i d e r a b l e  a t t e n t i o n  is  overburden p r e s s u r e .  Much r e s e a r c h  has been 

d i r e c t e d  toward e x p l a i n i n g  t h e  e f f e c t  of overburden p r e s s u r e  on 
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permeab i l i t y .  Using c o n f i n i n g  p r e s s u r e  t o  app ly  uniform load ing  on a 

c o r e ,  t h e  e f f e c t  of t h e  overburden can be reproduced. One of t h e  f i r s t  

s t u d i e s  I n  t h i s  area w a s  performed by F a t t  and Davis (1952). The 

a b s o l u t e  p e r m e a b i l i t y  t o  gas  of sands tone  c o r e s  was found t o  dec rease  up 

t o  41% when s u b j e c t e d  t o  a c o n f i n i n g  p r e s s u r e  of 3,000 p s i .  Wilhelmi 

and Somerton (1967) extended t h e  r e s u l t s  of F a t t  and Davis by f i n d i n g  a 

25% t o  60% r e d u c t i o n  i n  p e r m e a b i l i t y  a t  a c o n f i n i n g  p r e s s u r e  of 15,000 

p s i .  

I n  o r d e r  t o  more c l o s e l y  s i m u l a t e  r e s e r v o i r  p r o p e r t i e s ,  Afinogenov 

( 1969) cons ide red  t h e  combined e f f e c t s  on p e r m e a b i l i t y  of tempera ture  

and p r e s s u r e .  Using o i l  as t h e  f lowing  f l u i d ,  a b s o l u t e  p e r m e a b i l i t y  

r e d u c t i o n s  of up t o  95% were found when t empera tu re  i n c r e a s e d  from room 

tempera ture  t o  200 O F .  

Weinbrandt (1972) measured a b s o l u t e  p e r m e a b i l i t y  t o  e s t a b l i s h  t h e  

rock  p r o p e r t i e s  of c o r e s  l a t e r  used i n  r e l a t i v e  p e r m e a b i l i t y  

exper iments .  The a b s o l u t e  p e r m e a b i l i t y  t o  water was measured wi th  the  

c o r e s  s u b j e c t e d  t o  a r a d i a l  c o n f i n i n g  p r e s s u r e  of 2,000 p s i  and a 

t empera tu re  range of 70°F t o  175'F. The r e s u l t s  were i n  g e n e r a l  

agreement w i t h  those  of Afinogenov. For f i v e  Boise sands tone  c o r e s ,  

Weinbrandt noted a n  average  dec rease  from 2,050 md a t  room temperature 

t o  884 md a t  175"F, o r  a 57% r e d u c t i o n .  

Casse (1974) cont inued  t h e  work Weinbrandt had s t a r t e d  on a b s o l u t e  

p e r m e a b i l i t y .  A c o n f i n i n g  p r e s s u r e  of 2,000 p s i  was a g a i n  used wh i l e  

measuring a b s o l u t e  p e r m e a b i l i t i e s  t o  water, o i l ,  and gas.  A temperature 

e f f e c t  w a s  d e t e c t e d  o n l y  w i t h  water as t h e  f lowing  ' f lu id .  Casse 

ob ta ined  r e s u l t s  t h a t  agreed  c l o s e l y  wi th  Weinbrandt 's  f o r  b i s e  

sands tone  when water w a s  t h e  f lowing  f l u i d .  Two Berea sandstone c o r e s  
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were a l s o  used wi th  a r e s u l t i n g  p e r m e a b i l i t y  r e d u c t i o n  from 106 md a t  ' 

room tempera ture  t o  61 md a t  300"F, o r  a r e d u c t i o n  of 42%. 

The r e s u l t s  of Weinbrandt and Casse were combined and pub l i shed ,  

Weinbrandt e t  a l .  (1975). The conc lus ions  d i s c a r d e d  t h e  p rev ious  

p o s t u l a t e  of Poston e t  a l .  (1970) t h a t  t empera ture  e f f e c t s  were a r e s u l t  

of w e t t a b i l i t y  changes. The observed e f f e c t  was cons idered  t o o  g r e a t  t o  

be exp la ined  s o l e l y  by v a r i a t i o n s  i n  w e t t a b i l i t y .  I n s t e a d ,  Weinbrandt 

-- 
_.- 

e t  a l .  a t t r i b u t e d  t h e  tempera ture  e f f e c t  t o  thermally-induced mechanical 

stresses which caused c o n s t r i c t i o n s  of pore openings.  Since t i g h t  

openings would l i k e l y  be c losed  by such thermal  expansion of t he  rock  

g r a i n s ,  p e r m e a b i l i t y  would be reduced. An i n t e r e s t i n g  aspect of t he i r  

conclus ions  is t h e  i m p o r t a n t  dependence of observed t e m p e r a t u r e  e f fec ts  

on conf in ing  p r e s s u r e .  Casse and Kamey (1979)  used a "minimum l e v e l  of 

stress" t o  d e f i n e  a combination of mechanical and thermal  stresses above 

which a tempera ture  dependence of p e r m e a b i l i t y  occurs .  A t  l e v e l s  of 

stress b e l o w  t h i s  minimum, thermal  expans ion  a l o n e  w i l l  no t  a f f e c t  pore  

c o n f i g u r a t i o n  s i g n i f i c a n t l y  s i n c e  t h e  l o w  conf in ing  p r e s s u r e  does not 

p r e v e n t  f r e e  expans ion  of t h e  rock  m a t r i x .  However, as conf in ing  

-- 

p r e s s u r e  i n c r e a s e s ,  pore opening c o n s t r i c t i o n  due t o  thermal expansion 

w i l l  be accen tua ted  by l a r g e  e x t e r n a l  f o r c e s .  

Th i s  e x p l a n a t i o n  can be a p p l i e d  t o  t h e  somewhat Inconclus ive  

r e s u l t s  of Greenberg -- e t  a l .  (1968) mentioned p r e v i o u s l y ,  as w e l l  as t o  

t h e  work of Ar iha ra  (1974). Ar iha ra  found no tempera ture  e f f e c t s  on 

a b s o l u t e  p e r m e a b i l i t y  over  a tempera ture  range of 76°F t o  340°F us ing  a 

r e l a t i v e l y  low conf in ing  p r e s s u r e  of 400 p s i .  

Another s tudy  of t h e  tempera ture  e f f e c t s  on pe rmeab i l i t y  was done 

by Atkan and Farouq A l i  (1975). Without apply ing  conf in ing  p r e s s u r e ,  
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t hey  measured a b s o l u t e  p e r m e a b i l i t i e s  t o  b r ine  and air of &rea and 

Boise sands tone  between 80°F and 500°F. The r e s u l t s  i n d i c a t e d  a s l i g h t  

bu t  p r o g r e s s i v e  i n c r e a s e  i n  p e r m e a b i l i t y  wi th  i n c r e a s i n g  tempera ture .  

They c i t e d  t h e  format ion  of m i c r o f r a c t u r e s  induced by tempera ture  as a n  

e x p l a n a t  i on .  

Aruna (1976) used v i r t u a l l y  c l a y - f r e e  sands tone  c o r e s  t o  s tudy  

t empera tu re  e f f e c t s .  He observed a 50% t o  60% d e c r e a s e  i n  a b s o l u t e  

p e r m e a b i l i t y  t o  water between 70°F and 300°F over  t h e  e n t i r e  range of 

c o n f i n i n g  p r e s s u r e s .  Due t o  t h e  absence  of expandable c l a y ,  Aruna 

r e j e c t e d  t h e  c l ay - swe l l ing  hypo thes i s  of p e r m e a b i l i t y  r e d u c t i o n .  

I n s t e a d ,  he r e f e r r e d  t o  a change i n  t h e  chemical i n t e r a c t i o n  between 

water and s i l i c a  as tempera ture  v a r i e d ,  which caused a r e d u c t i o n  i n  

e f f e c t i v e  c r o s s - s e c t i o n .  This  r eason ing  is e s s e n t i a l l y  t h e  same as t h a t  

of Grunberg and Nissan (1943). 

Sageev (1980) des igned  an  a p p a r a t u s  f o r  a b s o l u t e  p e r m e a b i l i t y  

measurement t h a t  s p e c i f i c a l l y  addressed  inadequac ie s  of p rev ious ly  used 

systems. He neasured a b s o l u t e  p e r m e a b i l i t i e s  t o  water between 70°F and 

300°F of unconso l ida t ed  sand c o r e s  and observed no t empera tu re  

e f fec ts .  One of t h e  improvements w a s  a redes igned  core  ho lde r  end p lug  

t h a t  d i s t r i b u t e s  t h e  f low more even ly  over  t h e  e n t i r e  c r o s s  s e c t i o n  of 

t h e  sandface .  Earlier exper iments  had used s i n g l e  i n p u t  and ou tpu t  

channe l s  t h a t  r e s u l t e d  I n  a d d i t i o n a l  p r e s s u r e  drops  due t o  end 

e f f e c t s .  These e f f e c t s  were found t o  depend s i g n i f i c a n t l y  on flow rate 

r e s u l t i n g  i n  a rate dependence of measured p e r m e a b i l i t y .  A f t e r  

improving t h i s  and o t h e r  a s p e c t s  of t he  expe r imen ta l  p rocedure ,  Sageev 

w a s  a b l e  t o  measure p e r m e a b i l i t i e s  w i t h  g r e a t e r  p r e c i s i o n  and 

cons i s t ency .  
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Gobran e t  a l .  (1981) i n v e s t i g a t e d  t h e  e f f e c t s  of s e v e r a l  parameters  ' -- 
on a b s o l u t e  pe rmeab i l i t y .  No t empera tu re  e f f e c t  on a b s o l u t e  

p e r m e a b i l i t y  t o  water was found f o r  unconso l ida t ed  sand a t  t empera tu res  

between 100°F and 300°F and c o n f i n i n g  p r e s s u r e s  between 2,000 and 8,000 

p s i .  Exp la in ing  t h e  c o n t r a d i c t i o n  of t h e  r e s u l t s  w i t h  p r e v i o u s  work 

t h a t  had shown p e r m e a b i l i t y  r e d u c t i o n s  under  similar c o n d i t i o n s ,  he 

sugges t ed  improper expe r imen ta l  p rocedures .  These inc luded  measuring 

p r e s s u r e  under non-isothermal c o n d i t i o n s ,  n o t  a l lowing  p e r m e a b i l i t y  t o  

s t a b i l i z e  a t  ambient c o n d i t i o n s ,  and us ing  t r a n s d u c e r s  t h a t  were no t  

s e n s i v i t i v e  enough t o  a c c u r a t e l y  read  t h e  p r e s s u r e  d rops .  Gobran a l s o  

t e s t e d  two conso l ida t ed  &rea sands tone  c o r e s ;  however, t h e  r e s u l t s  were 

not internally consistent with the conclusion that was reached for 

unconso l ida t ed  sands .  

A r e c e n t  s tudy  by Con t re ra s  et a l .  (19b2)  measured h o r i z o n t a l  and 

v e r t i c a l  p e r m e a b i l i t i e s  of Cer ro  P r i e t o  sands tone  co re  samples .  The 

a b s o l u t e  p e r m e a b i l i t y  t o  d i s t i l l e d  water, b r i n e ,  ana KC1 s o l u t i o n  were 

found g e n e r a l l y  found t o  dec rease  between 7 0 ° F  and 500°F .  A n  e m p i r i c a l  

e x p r e s s i o n  was p r e s e n t e d  t h a t  r e l a t e d  p e r m e a b i l i t y  i n v e r s e l y  t o  

t empera tu re  w i t h  c o r r e c t i o n s  f o r  f l u i d  composition and conf in ing  

-- 

p r e s s u r e .  The observed p e r m e a b i l i t y  r e d u c t i o n s  were a t t r i b u t e d  t o  

changes i n  e f f e c t i v e  c r o s s  s e c t i o n  due t o  thermal  expans ion  of rock  

m a t r i x  under m c h a n i c a l  stress. Cons ider ing  t h a t  t h e  range of measured 

p e r m e a b i l i t i e s  was on t h e  o r d e r  of 0.01 t o  10 m i l l i d a r c i e s ,  the g r a i n  

expans ion  e x p l a n a t i o n  is  a r easonab le  one. The c l a y  content of t h e  

sands tone  under I n v e s t i g a t i o n  was n o t  mentioned; consequent ly ,  t h e  

i n f l u e n c e  of c l a y  s w e l l i n g  and mig ra t ion  on t h e  r e s u l t s  i s  not clear. 

To summarize, many d i f f e r e n t  f a c t o r s  have been s t u d i e d  t o  de te rmine  

7 



t h e  e f f e c t s  of tempera ture  on pe rmeab i l i t y .  E a r l y  work concen t r a t ed  on 

f l u i d  p r o p e r i t e s  such as v i s c o s i t y  and chemical i n t e r a c t i o n  wi th  t h e  

s o l i d  matrix. When e x p l a n a t i o n s  of observed phenomena based on t h e s e  

f a c t o r s  proved inadequa te ,  p r e s s u r e  was cons ide red  as a p o s s i b l e  

I n f l u e n c e .  It has been w e l l  e s t a b l i s h e d  t h a t  i n c r e a s e s  i n  overburden 

p r e s s u r e  cause  r e d u c t i o n s  i n  p e r m e a b i l i t y .  The combined e f f e c t  of 

tempera ture  and p r e s s u r e  has been t h e  t o p i c  of t h e  l a tes t  r e s e a r c h  i n  

t h e  area of a b s o l u t e  Pe rmeab i l i t y .  
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3 .  PROBLEM STATEMENT 

A m a j o r i t y  of t h e  works i n  t h e  l i t e r a t u r e  s t a t e  t h a t  t h e r e  i s  a 

r e d u c t i o n  of a b s o l u t e  p e r m e a b i l i t y  w i t h  i n c r e a s i n g  tempera ture .  The 

r e s u l t s  i n d i c a t i n g  such a tempera ture  dependence have most o f t e n  been 

e x p l a i n e d  i n  terms of changes i n  rock m a t r i x  and rock- f lu id  

i n t e r a c t i o n .  The most r e c e n t  work done a t  S tanford  (Sageev, 1980, and 

Gobran et a l . ,  1981) has shown no temperature  e f f e c t .  These experiments  

appear  t o  have r e f i n e d  p e r m e a b i l i t y  measurements t o  a p o i n t  where they  

are  r e l i a b l e .  Although t h e  r e s u l t s  are conclus ive  f o r  unconsol ida ted  

sand ,  a more complete s t u d y  i s  necessary  before  t h e  theory  can be 

extended t o  conso l idated  sandstone.  Consequently,  the o b j e c t i v e  of t h i s  

i n v e s t i g a t i o n  i s  t o  measure t h e  a b s o l u t e  p e r m e a b i l i t y  t o  water of 

c o n s o l i d a t e d  sandstone a t  e l e v a t e d  tempera tures  and observe whether any 

tempera ture  e f f e c t s  occur .  

-- 
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4 .  EXPERIMENTAL APPARATUS 

The expe r imen ta l  a p p a r a t u s  used t o  measure a b s o l u t e  pe rmeab i l i t y  a t  

v a r i o u s  t empera tu res  is d e s c r i b e d  i n  t h i s  s e c t i o n .  I n  o r d e r  t o  s i m p l i f y  

t h e  e x p l a n a t i o n ,  t h e  equipment is d iv ided  i n t o  t h r e e  s e c t i o n s .  The 

f i r s t  i l l u s t r a t e s  t h e  pa th  of t h e  f l u i d  through t h e  system. The second 

s e c t i o n  c o n s i d e r s  t h e  p r e s s u r e  measurement loop .  The las t  s e c t i o n  

d e s c r i b e s  t h e  conf in ing  p r e s s u r e  system. 

4.1 FLUID FLOW SYSTEM 

D i s t i l l e d  water i s  used as t h e  f lowing  f l u i d .  It i s  in t roduced  

i n t o  t h e  system by a Ruska c o n s t a n t  ra te  pump, equipped wi th  two 500cc 

c y l i n d e r s  t h a t  can a l t e r n a t e l y  d i s c h a r g e  and f i l l .  I n  t h i s  mde, t h e  

pump is  des igned  t o  d e l i v e r  a n  i n d e f i n i t e  c o n s t a n t  ra te  of flow. F igu re  

1 is  a schemat i c  r e p r e s e n t a t i o n  of t h e  f low system. When t h e  Ruska pump 

was ope ra t ed  d u r i n g  c o n s t r u c t i o n  of t h e  a p p a r a t u s ,  t h e  c y l i n d e r s  were 

found t o  be cons ide rab ly  corroded and i n  need of r e p a i r .  Although both 

c y l i n d e r s  were r e p e a t e d l y  f l u s h e d  u n t i l  t h e  e f f l u e n t  was c l e a n  and r u s t -  

f r e e ,  t he  i n t a k e  va lve  mechanism i n  t h e  r i g h t  s i d e  c y l i n d e r  is  not 

o p e r a t i o n a l .  As a r e s u l t ,  It is imposs ib l e  t o  f i l l  t h i s  c y l i n d e r  t o  

more than  10% i ts  c a p a c i t y  under normal pump o p e r a t i o n .  I n  o rde r  t o  

avo id  complete l o s s  of pore  p r e s s u r e  and r i s k  steam format ion  i n  the  

c o r e ,  on ly  t h e  l e f t  s i d e  c y l i n d e r  i s  d ischarged  at cons t an t  rate and 

recharged  manually. 

Before f low is i n i t i a t e d ,  t h e  system i s  evacuated  t o  remove any a i r  
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p r e s e n t  i n  the f low l ines  and c o r e .  A p r e s s u r e  relief va lve  set a t  

2,000 p s i  I s  i nc luded  t o  minimize t h e  p o s s i b i l i t y  of i n a d v e r t e n t l y  ove r  

p r e s s u r i n g  t h e  system. The pump is des igned  t o  o p e r a t e  a g a i n s t  a 

maximum backpres su re  of 4,000 p s i .  S ince  t h e  po re  p r e s s u r e  is  

main ta ined  a t  p r e s s u r e s  much lower t h a n  2,000 p s i  du r ing  expe r imen ta l  

r u n s ,  and t h e  lowes t  p r e s s u r e - r a t i n g  of any v a l v e  i n  t h e  system i s  2,500 

p s i ,  t h e  r e l i e f  s e t t i n g  w i l l  p rovide  a n  a c c e p t a b l e  margin of s a f e t y .  

The water t h e n  f lows  through a 7 micron f i l t e r ,  which t r a p s  f i n e  

p a r t i c l e s  from t h e  pump c y l i n d e r s  be fo re  t h e y  can e n t e r  t h e  co re .  

P r e s s u r e  drop  a c r o s s  t h e  f i l t e r  i s  measured t o  i n d i c a t e  p lugg ing ,  a t  

which t i m e  t h e  f i l t e r  i s  r ep laced .  A second 7 micron f i l t e r  i s  l o c a t e d  

immediately downstream of t h e  c o r e  t o  p reven t  p a r t i c u l a t e s  ou t  of t h e  

c o r e  from e n t e r i n g  t h e  backpressure  r e g u l a t o r  and hampering i t s  

o p e r a t i o n .  

Upon e n t e r i n g  t h e  a i r  b a t h ,  a h e a t  exchanger e l e v a t e s  t h e  

t empera tu re  of t h e  water t o  t h a t  of t h e  a i r  bath.  The t empera tu re  

i n s i d e  t h e  a i r  ba th  is measured by a thermocouple hanging above t h e  co re  

ho lde r .  The water tempera ture  i s  measured by thermocouples i n  t h e  f low 

l i n e  a t  the  i n l e t  and outlet of t he  core holder .  All three "J" type 

thermocouples are connected t o  a mul t i channe l  d i g i t a l  t empera tu re  

r eadou t .  The p e r m e a b i l i t y  i s  n o t  c a l c u l a t e d  u n t i l  t h e  t h r e e  

t empera tu res  are w i t h i n  1°F of each o t h e r .  In  some p a s t  exper iments  t h e  

water tempera ture  was measured at t h e  co re  i n l e t  only.  S i g n i f i c a n t  

e r r o r  i s  i n t r o d u c e d  by assuming a n  e q u i l i b r i u m  t empera tu re  for t h e  

p e r m e a b i l i t y  c a l c u l a t i o n  based on one f low l i n e  tempera ture .  The 

s e n s i t i v i t y  of f l u i d  v i s c o s i t y  t o  t empera tu re  is  t h e  reason  f o r  t h e  

e r r o r .  When t h e  a i r  ba th  tempera ture  i s  i n c r e a s i n g  du r ing  a h e a t i n g  
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c y c l e ,  t h e  i n l e t  and o u t l e t  co re  t empera tu res  t ake  q u i t e  some t i m e  t o  

s t a b i l i z e .  The o u t l e t  t empera tu re  is lower u n t i l  t h e  tempera ture  of t h e  

co re  i t s e l f  e q u a l i z e s  w i t h  t h a t  of t h e  a i r  bath.  The v i s c o s i t y  of water  

a t  t h e  upstream t empera tu re  is  lower than t h e  v i s c o s i t y  of t h e  water i n  

t h e  core  which i s  no t  as ho t .  Assuming t h e  lower v i s c o s i t y  w i l l  y i e l d  

t o o  low a c a l c u l a t e d  p e r m e a b i l i t y  a t  a n  assumed e q u i l i b r i u m  

tempera ture .  I f  t h e  experiment i s  not designed t o  achieve  and v e r i f y  

thermal  e q u i l i b r i u m  throughout t he  c o r e ,  t h e  r e s u l t s  might be mis t aken ly  

i n t e r p r e t e d  as a tempera ture  e f f e c t  on pe rmeab i l i t y .  

A second h e a t  exchanger is l o c a t e d  downstream of t he  air  ba th .  Tap  

water f lows  around t h e  c o i l s  of hot water t o  c o o l  i t  t o  room 

temperature. A dome-loaded nitrogen backpressure regulator is  used to 

main ta in  t h e  p r e s s u r e  i n  t h e  s y s t e m  a t  a va lue  h ighe r  than  t h e  vapor 

p r e s s u r e  of water. Over t h e  range of t empera tu res  used i n  t h i s  s tudy  a 

c o n s t a n t  pore p r e s s u r e  of 220 p s i  is  s u f f i c i e n t  t o  i n s u r e  s i n g l e  phase 

f low i n  the  c o r e ,  (ASPIE, Steam T a b l e s ,  1 9 7 9 ) .  F i n a l l y ,  t h e  water e m p t i e s  

i n t o  a graduated  c y l i n d e r  i n  which t h e  throughput volume and f l o w r a t e  

can be monitored. 

4.2 PRESSURE MEASUREMENT 

Figure  2 shows t h e  expe r imen ta l  a p p a r a t u s  i n  s i m p l i f i e d  form with 

two a d d i t i o n a l  f e a t u r e s ,  one of which i s  t h e  p r e s s u r e  measurement 

loop .  The p r e s s u r e  g r a d i e n t  a c r o s s  t h e  c o r e ,  used i n  t h e  c a l c u l a t i o n  of 

a b s o l u t e  p e r m e a b i l i t y ,  is measured by p r e s s u r e  t a p s  i n  t h e  f low l i n e  a t  

t h e  i n l e t  and o u t l e t  of t h e  core ho lde r .  The p r e s s u r e  t a p s  lead t o  a 

manifold of d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r s ,  each  c o n s i s t i n g  of a 
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diaphragm which d e t e c t s  t h e  d i f f e r e n c e  between i n l e t  and o u t l e t  

p r e s s u r e .  S ince  t h e  p r e s s u r e  g r a d i e n t s  va ry  wide ly  over  t h e  ranges  of 

f l o w r a t e s  and t empera tu res  used ,  t h r e e  t r a n s d u c e r s  are provided .  

Connected i n  p a r a l l e l ,  t h e  t r a n s d u c e r s  have ranges  of 0 to  5, 0 t o  2 5 ,  

and 0 t o  100 p s i  r e s p e c t i v e l y ;  t h e r e f o r e ,  a h igh  degree  of accuracy  i n  

measurement is p o s s i b l e .  A three-way v a l v e  a l lows  e i t h e r  f u l l  scale 

p r e s s u r e  drop  or z e r o  d i f f e r e n t i a l  p r e s s u r e  t o  be a p p l i e d  s e l e c t i v e l y  t o  

each  of t h e  t r a n s d u c e r s .  Each t r a n s d u c e r  is connected t o  an i n d i c a t o r  

which sends a s i g n a l  between 0 and 1 O V  t o  a d i g i t a l  mul t imeter  and a 

t h r e e  channel  c h a r t  r e c o r d e r  which keeps a cont inuous  account  of 

d i f f e r e n t i a l  p r e s s u r e .  A v o l t a g e  r e g u l a t o r  is used t o  p reven t  

f luc tuat ion  i n  the power supply t o  the measuring and recording dev ices .  

4.3 CONFINING PRESSURE SYSTEM 

The c o n f i n i n g  p r e s s u r e  sys tem i s  a l s o  i n d i c a t e d  i n  F igure  2.  

D i s t i l l e d  water i s  t h e  f l u i d  used t o  apply  c o n f i n i n g  p r e s s u r e  t o  t h e  

co re .  The c o n s o l i d a t e d  c o r e  is surrounded by a s l e e v e  of hea t -  

s h r i n k a b l e  FEP t e f  l o n ,  which i s o l a t e s  t h e  co re  from the  conf in ing  f l u i d  

wh i l e  a l lowing  p r e s s u r e  t o  be a p p l i e d .  Water was s e l e c t e d  as t h e  

c o n f i n i n g  f l u i d  f o r  s e v e r a l  r easons .  F i r s t  of a l l ,  due t o  t h e  

r e l a t i v e l y  small c o m p r e s s i b i l i t y  of water, l e a k s  anywhere i n  t h e  

c o n f i n i n g  p r e s s u r e  l i n e  can be immediately d e t e c t e d  by a dec rease  i n  t h e  

p r e s s u r e  reading .  Secondly,  i f  t h e  t e f l o n  s l e e v e  should happen t o  l e a k ,  

u s i n g  t h e  same f l u i d  f o r  c o n f i n i n g  and f lowing  e l i m i n a t e s  the  need t o  

c l e a n  t h e  co re  be fo re  c o n t i n u i n g  t h e  run. F i n a l l y ,  a s a f e t y  

c o n s i d e r a t i o n  mentioned by Sageev (1980, p.8) w a s  t h a t  a s p i l l  of oil i n  
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. t h e  a i r  ba th  at 300°F r e p r e s e n t s  a p o t e n t i a l  hazard.  

P r e s s u r e  is  a p p l i e d  t o  t h e  system by u s i n g  a hand pump t o  f o r c e  o i l  

i n t o  t h e  p r e s s u r e  v e s s e l  which acts as an accumulator.  The accumulator 

is  i n i t i a l l y  f i l l e d  w i t h  water from below. When t h e  o i l  i s  pumped i n  

from t h e  t o p ,  p r e s s u r e  is  b u i l t  up around t h e  core .  A c o n s t a n t  

c o n f i n i n g  p r e s s u r e  of 2,000 p s i  was s e l e c t e d  t o  s i m u l a t e  t h e  e f f e c t  of 

t h e  overburden. The core tempera ture  i s  c o n t r o l l e d  by t h e  f low i n  t h e  

a i r  bath.  When t h e  t empera tu re  i n c r e a s e s ,  t h e  c o n f i n i n g  p r e s s u r e  is 

mainta ined  by a spr ing- loaded  p r e s s u r e  r e l i e f  va lve  set  t o  r e g u l a t e  

between 2,000 and 2,050 p s i .  During coo l ing  c y c l e s ,  p r e s s u r e  is a p p l i e d  

manually wi th  t h e  hand pump t o  ma in ta in  c o n f i n i n g  p r e s s u r e .  These 

measures are necessa ry  t o  compensate f o r  expans ion  and c o n t r a c t i o n  of 

t h e  c o n f i n i n g  f l u i d  wi th  changing tempera ture .  
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5. EXPERIMENTAL PROCEDURE 

The expe r imen ta l  p rocedure  i s  des igned  t o  i s o l a t e  t h e  e f f e c t  of 

tempera ture  on t h e  a b s o l u t e  p e r m e a b i l i t y  of t h e  sands tone  core .  A s  

p r e v i o u s l y  mentioned, many f a c t o r s  c o n t r i b u t e  t o  t h e  behavior of f l u i d  

f lowing  i n  porous media. I n  o r d e r  t o  s tudy  a s i n g l e  f a c t o r ,  o the r  

r e l e v a n t  parameters  must be known wi th  r easonab le  c e r t a i n t y .  Using a 

co re  of known dimensions and f lowing  d i s t i l l e d  water of known v i s c o s i t y  

a t  a cons t an t  rate, a l l  t h e  terms i n  Darcy's l a w  are de f ined  excep t  Ap. 

The re fo re ,  p e r m e a b i l i t y  can be c a l c u l a t e d  i f  Ap i s  known. See Appendix 

A f o r  sample c a l c u l a t i o n .  

P r e p a r a t i o n  begins w i t h  t h e  c u t t i n g  of a Fonta inebleau  sands tone  

c o r e ,  which was chosen f o r  i t s  r e l a t i v e l y  c l a y - f r e e  composition. The 

c o r e  sample used i n  t h e  f i r s t  experiment w a s  0.971 inches  i n  d iameter  

and 6.275 i n c h e s  i n  l e n g t h .  The co re  was then  d r i e d  a t  500°F f o r  s i x  

hours  a t  which t i m e  i t  w a s  weighed. A f t e r  s a t u r a t i o n  f o r  twelve hours 

w i t h  d i s t i l l e d  water i n  a n  evacuated  chamber, t h e  c o r e  w a s  a g a i n  

weighed. The d ry  and s a t u r a t e d  weights  were used t o  c a l c u l a t e  pore 

volume and p o r o s i t y ,  which are 8.80 cm3 and 11.6% r e s p e c t i v e l y .  The 

c o r e  was aga in  d r i e d  t o  f a c i l i t a t e  evacua t ion  of t h e  system. Next, the  

co re  was mounted between t h e  endplugs and t h e  t e f l o n  s l e e v e  allowed t o  

s h r i n k  f o r  f o u r  hours at 300°F. Hose clamps around t h e  endplugs provide  

t h e  necessa ry  sea l  between t h e  t e f l o n  and t h e  s t a i n l e s s  s teel .  A f t e r  

assembly of t h e  e n t i r e  c o r e  h o l d e r ,  p r e s s u r e  and f low l i n e s  were 

connected and t h e  system was evacuated  ove rn igh t .  A l i q u i d  n i t r o g e n  

c o l d  t r a p  p reven t s  any l i q u i d  from e n t e r i n g  t h e  vacuum pump o i l .  This  

p r e c a u t i o n  a l lows  a much bet ter  vacuum t o  be achieved .  The p r e s s u r e  
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' t r a n s d u c e r s  were then  c a l i b r a t e d ,  and t h e  vacuum resumed f o r  two more 

hours .  F i n a l l y ,  water was allowed i n t o  t h e  system and t h e  exper imenta l  

runs  began. 

I n  p r e v i o u s  work, Gobran e t  a l .  (1981) ,  dependence of Pe rmeab i l i t y  

on cumula t ive  throughput  volume and f low r a t e  was cons ide red .  The 

former  e f f e c t  is e s p e c i a l l y  impor tan t  when u s i n g  c o n s o l i d a t e d  c o r e s  as 

i t  can i n d i c a t e  t h e  degree  t o  which c e r t a i n  phenomena w i t h i n  t h e  c o r e ,  

such  as c l a y  s w e l l i n g  o r  f i n e s  m i g r a t i o n ,  are a f f e c t i n g  pe rmeab i l i t y .  

In o r d e r  t o  i d e n t i f y  t h e  e x i s t e n c e  of any vo lumet r i c  throughput o r  f low 

rate  dependence, t he  f i r s t  s t e p  was t o  measure p e r m e a b i l i t y  at  a f i x e d  

tempera ture  over  a wide range of f low rates f o r  a l a r g e  number of pore  

volumes i n j e c t e d .  

-- 

The nex t  s t e p  i s  t o  i n v e s t i g a t e  t h e  c h a r a c t e r  of a b s o l u t e  

p e r m e a b i l i t y  a t  d i f f e r e n t  t empera tu res .  Temperature i n  t h e  co re  was 

raised i n  50°F inc remen t s ,  and p e r m e a b i l i t y  measurements were made on ly  

when t h e  a i r  b a t h ,  i n l e t ,  and o u t l e t  t empera tu res  were w i t h i n  1°F of 

each  o t h e r .  A t  each t empera tu re ,  pe rmeab i l i t y  was measured a t  f o u r  

d i f f e r e n t  f l ow rates.  The t h r e e  h i g h e s t  f low rates were each main ta ined  

f o r  t h i r t y  pore volumes, and t h e  pe rmeab i l i t y  was measured a t  t e n ,  

twenty ,  and t h i r t y  pore volumes i n j e c t e d .  An average  of t h e  t h r e e  

v a l u e s  i s  g iven  f o r  t h e  f low r a t e .  The lowes t  rate was cont inued  f o r  

on ly  t e n  pore  volumes. Each t i m e  a d i f f e r e n t i a l  p r e s s u r e  r ead ing  was 

t a k e n  f o r  t h e  c a l c u l a t i o n  of p e r m e a b i l i t y ,  t h e  three-way va lve  on t h e  

t r a n s d u c e r  loop  i n  use  was switched so t h a t  t h e  z e r o  r ead ing  could be 

recorded  t o  i n d i c a t e ,  and c o r r e c t  f o r ,  i n s t r u m e n t a t i o n  e r r o r .  
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6. RESULTS 

The f i r s t  run  of t h e  experiment w i t h  t h e  Fonta inebleau  co re  was 

performed a t  c o n s t a n t  tempera ture  of 100°F and a f low rate of 414 

c c / h r .  Five hundred pore volumes of d i s t i l l e d  water  were pumped through 

t h e  c o r e ,  and p e r i o d i c  p e r m e a b i l i t y  measurements were made t o  i n d i c a t e  

any throughput dependence. F igu re  3 e x h i b i t s  a s l i g h t  t r end  of reducing  

p e r m e a b i l i t y  from 343 m i l l i d a r c i e s  t o  303 m i l l i d a r c i e s  w i th  inc reased  

cumula t ive  water  i n j e c t e d .  The b a r s  on t h e  graph ,  r e p r e s e n t i n g  

expe r imen ta l  e r r o r ,  i n d i c a t e  t h a t  observed changes a r e  g r e a t e r  than  

expec ted  from random o r  s y s t e m a t i c  e r r o r s  i n  measurement dev ices .  

The c a l c u l a t i o n  of expe r imen ta l  error i s  descr ibed  i n  Appendix B 

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

measurement. The h i g h e s t  degree  of e r r o r ,  i n d i c a t e d  by t h e  l a r g e s t  

b a r s ,  is  in t roduced  when a t r a n s d u c e r  i s  used t o  measure a Ap t h a t  i s  

s i g n i f i c a n t l y  less than  t h e  f u l l  scale r a t i n g  of t h e  t r a n s d u c e r  p l a t e .  

The t r e n d  of d e c r e a s i n g  p e r m e a b i l i t y  w i t h  i n c r e a s i n g  throughput 

volume, a l s o  n o t i c e a b l e  a t  o t h e r  f low rates as shown i n  F igure  4 ,  

s u g g e s t s  t h e  p o s s i b l e  mig ra t ion  of f i n e s  and/or  t h e  p re sence  of swe l l ing  

c l a y s .  T h i s  s u s p i c i o n  was l a t e r  v e r i f i e d  by scanning  e l e c t r o n  

microscope photographs of t h e  Fonta inebleau  sands tone  ma t r ix  (Sageev, 

1981). F igure  5 i s  a r ep roduc t ion  of some of t h e  photographs.  F ine  

clay p a r t i c l e s  are e v i d e n t  i n  F igu res  5.1 and 5.3 as small white specks  

among t h e  l a r g e r  sand g r a i n s .  Two of t h e s e  p a r t i c l e s  are f u r t h e r  

magnified i n  F igu res  5.2,  and 5.4. Although t h e  c l a y  p l a t e l e t s  a r e  

s p a r s e l y  d i s t r i b u t e d  compared t o  those  i n  Berea sands tone ,  t he  low 

p o r o s i t y  and t i g h t  pore c o n s t r i c t i o n s  of t he  Fonta inebleau  w i l l  r e su l t  
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i n  p e r m e a b i l i t y  r e d u c t i o n s  wi th  even small amounts of clay expansion. 

The dependence of p e r m e a b i l i t y  on f low rate was i n v e s t i g a t e d  nex t  

by va ry ing  t h e  rate of t h e  Ruska pump between 166 and 989 c c / h r .  A t  

e ach  pump s e t t i n g ,  t h e  f low rate i n t o  a graduated  c y l i n d e r  w a s  measured 

w i t h  a s topwatch  t h r e e  times. The ave rages  i n d i c a t e  t h a t  over t h e  range 

of f l o w  rates measured, t h e  v a l u e s  s u p p l i e d  by t h e  manufac turer  

u n d e r s t a t e  t h e  actual  ra te  by 3.16%. F igu re  4 shows t h a t  i n  g e n e r a l ,  

h igh  p e r m e a b i l i t i e s  were measured a t  h igh  f low rates. 

-.. 

of 25 p s i ) .  These l a r g e  f l u c t u a t i o n s  i n  p r e s s u r e  drop a c r o s s  the  co re  

were not found t o  r e s u l t  from sudden v a r i a t i o n s  i n  any of t he  c o n t r o l l e d  

parameters .  The p o s s i b i l i t y  of a f o r e i g n  p a r t i c l e  plugging t h e  i n l e t  

The e f f e c t  of tempera ture  on t h e  p e r m e a b i l i t y  of t h e  sands tone  i s  

i l l u s t r a t e d  i n  two ways. F igure  6 shows a b s o l u t e  p e r m e a b i l i t y  as a 

f u n c t i o n  of tempera ture  a t  a c o n s t a n t  c o n f i n i n g  p r e s s u r e  of 2,000 p s i  

and pore pressure of 220 psi. The resu l t s  are also plotted on Figure 7, 

which e x p r e s s e s  t h e  r a t i o  of p e r m e a b i l i t y  a t  t h e  run tempera ture  t o  t h a t  

a t  a datum tempera ture  of 100'F. The datum w a s  chosen s i n c e  100°F i s  

t h e  lowes t  c o n t r o l l a b l e  t e m p e r a t u r e  s e t t i n g  on t h e  a i r  ba th .  

Temperature e f f e c t s  can be d e t e c t e d  on Figure  7 as d e v i a t i o n s  from t h e  

k/klO0=1 l i n e .  

A p e c u l i a r  phenomenon was observed d u r i n g  t h e  experiment t h a t  i s  
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Fig. 8. Differential Pressure Anomaly 
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sandface  was d i sca rded  s i n c e  t h e  Ap read ing  w a s  observed t o  g r a d u a l l y  

d e c l i n e  back t o  i t s  p r e v i o u s l y  s t a b l e  va lue .  This  dec rease  a f t e r  t h e  

jump resembled an  e x p o n e n t i a l  d e c l i n e  and r e s t a b i l i z e d  a f t e r  

approximate ly  twenty pore volumes. A s o l i d  p a r t i c l e  could n o t  be 

expec ted  t o  p a s s  through t h e  porous medium w i t h  such e a s e .  No 

e x p l a n a t  i on  has y e t  been found f o r  t h i s  s t r a n g e  behavior .  

The f i r s t  run  i n v e s t i g a t i n g  tempera ture  e f f e c t s  on p e r m e a b i l i t y  w a s  

cont inued  only  up t o  250°F. During t h e  h e a t i n g  c y c l e  from 250°F t o  

300"F, t h e  t e f l o n  s l e e v e  developed a l e a k ,  making i t  imposs ib l e  t o  

m a i n t a i n  c o n f i n i n g  p r e s s u r e .  The co re  ho lde r  was d isassembled ,  and t h e  

t e f l o n  s l e e v e  was r ep laced .  I n  the  next  run ,  t h e  p e r m e a b i l i t y  was t o  be 

measured between 70°F and 200°F. By d e c r e a s i n g  t h e  tempera ture  d u r i n g  

t h e  c o o l i n g  c y c l e ,  r e p e a t a b i l i t y  of measurement could be i n v e s t i g a t e d .  

S ince  t h e  t e f l o n  f a i l e d  a t  275°F i n  t h e  f i r s t  run ,  200°F was cons idered  

a s a f e  maximum tempera ture .  A f t e r  t h e  c o o l i n g  c y c l e ,  t h e  tempera ture  

could  then  be r a i s e d  g r a d u a l l y  above 200°F t o  observe  h igh  tempera ture  

behavior .  However, t h e  s l e e v e  developed a l e a k  a t  150°F i n  t h e  f i r s t  

h e a t i n g  cyc le  and t h e  second run  w a s  d i scon t inued .  
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7. DISCUSSION 

The r e s u l t s  of t h e  vo lumet r i c  throughput dependence run  e x h i b i t  

some i n t e r e s t i n g  t r e n d s .  The c o n s i s t e n t  dec rease  i n  p e r m e a b i l i t y  wi th  

pore  volumes i n j e c t e d  s u g g e s t s  a p lugging  of pore openings by f i n e s  

m i g r a t i o n  and/or  clay expansion. The mig ra t ion  hypo thes i s  is f u r t h e r  

suppor t ed  by a b r u p t  changes i n  p e r m e a b i l i t y  when f low is s topped  and 

r e s t a r t e d .  Such a d i s c o n t i n u i t y  i n  f low d i s r u p t s  the  accumulation of 

f i n e s  i n  pore c o n s t r i c t i o n s  i n  some manner. This  occurred  a t  190 pore  

volumes on F igu re  3 ,  and between each  f low rate  s e t t i n g  on Figure  4 .  

Although measured p e r m e a b i l i t i e s  a re  h i g h e r  a t  g r e a t e r  r a t e s ,  t h e  

throughput  e f f e c t  seems t o  p r e v a i l  th roughout  t h e  run. The occurrence  

of h i g h e r  p e r m e a b i l i t y  measurements a t  t h e  h igh  flow rates i n  F igu re  4 

s u g g e s t s  a ra te  s e n s i t i v i t y  of p e r m e a b i l i t y .  Large v a r i a t i o n  i n  pore 

p r e s s u r e  w i t h  rate was cons idered  as a p o s s i b l e  e x p l a n a t i o n .  However, 

t h e  average  pore p r e s s u r e  v a r i e d  less than  10% over t h e  e n t i r e  range of 

f low r a t e s  i n v e s t i g a t e d .  

The conc lus ion  drawn f rom t h e  f i r s t  two phases  of t h e  experiment i s  

t h a t  p e r m e a b i l i t y  is reduced wi th  i n c r e a s i n g  throughput water volume due 

t o  a p lugging  a c t i o n  i n  t h e  co re .  This accumulation i n  t h e  pore 

c o n s t r i c t i o n s  i n c r e a s e s  wi th  cumula t ive  water volume through the  co re  

and is found t o  r e v e r s e  somewhat when t h e  rate of flow is  d i s r u p t e d .  

P e r m e a b i l i t y  e x h i b i t s  some v a r i a t i o n  w i t h  f low ra te ,  but t h i s  e f f e c t  h a s  

no t  been i s o l a t e d  from v o l u m e t r i c  th roughput  phenomena by t h i s  

expe r imen ta l  p rocedure .  Consequently,  i t  is  cons ide red  beyond the  scope 

of t h i s  s t u d y  t o  d e f i n e  t h e  f low r a t e  e f f e c t  on c o n s o l i d a t e d  sands tone  

p e r m e a b i l i t y .  
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The r e s u l t s  of t h e  f i r s t  e l e v a t e d  tempera ture  run ,  which are 

p l o t t e d  i n  F i g u r e s  6 and 7, are b a s i c a l l y  i n c o n c l u s i v e  due t o  t h e  l a c k  

of data f o r  decreas ing  temperature .  A p e r m e a b i l i t y  r e d u c t i o n  of 11.8% 

i s  observed between 100°F and 250°F. It i s  n o t  clear whether t h i s  

change can be a t t r i b u t e d  t o  a tempera ture  e f f e c t  o r  a c o n t i n u a t i o n  of 

t h e  p r e v i o u s l y  observed volumetr ic  throughput  dependence of 

p e r m e a b i l i t y .  A means of de te rmining  t h e  cause of t h e  r e d u c t i o n  would 

be t o  c o n t i n u e  t h e  run back down t o  lower tempera tures  and compare 

measured p e r m e a b i l i t y  f o r  t h e  h e a t i n g  and c o o l i n g  c y c l e s .  A c l o s e  

r e p e a t a b i l i t y  of measurements would suggest  t h e  e x i s t e n c e  of tempera ture  

e f f e c t s  . C o n s i s t e n t l y  lower v a l u e s  on t h e  c o o l i n g  c y c l e  could 

s u b s t a n t i a t e  t he  dependence of t he  sands tone  p e r m e a b i l i t y  on throughput 

volume. 

The r e l i a b i l i t y  ot hea t  s h r i n k i n g  t e f l o n  as a Hassler s l e e v e  

material  f o r  high temperature  experiments  i s  q u e s t i o n a b l e  based on t h e  

two u n s u c c e s s f u l  t r i a l s .  The Fonta inebleau  core t h a t  was cu t  f o r  t h e s e  

runs  had a s m a l l  c h i p  a t  one end. This  s l i g h t  i n d e n t a t i o n ,  a d j a c e n t  t o  

t h e  downstream end p lug ,  r e p r e s e n t s  a p o i n t  a t  which c o n f i n i n g  s t resses  

are c o n c e n t r a t e d ,  and where t h e  l e a k s  developed a t  h i g h  p r e s s u r e  and 

tempera ture .  I n  o r d e r  t o  e l i m i n a t e  such weak p o i n t s  i n  t h e  s l e e v e ,  care 

must be t a k e n  t o  c u t  t h e  c o r e  sample w i t h  a smooth and uniform! 

d iameter .  Another sa feguard  a g a i n s t  l e a k s  t h a t  has been considered i s  

t h e  use of t e f l o n  around t h e  c o r e  surrounded by an o u t e r  s l e e v e  of v i t o n  

tub ing .  The a d d i t i o n a l  s t r e n g t h  of t h e  v i t o n  w i l l  prevent  stress 

c o n c e n t r a t i o n  a t  t h e  sandface  -- end p l u g  i n t e r f a c e ,  while  s t i l l  

a l l o w i n g  t h e  a p p l i c a t i o n  of c o n f i n i n g  p r e s s u r e .  

2 9  



8. RECOMMENDATIONS FOR FURTHER WORK 

The f i rst  expe r imen ta l  run  s u g g e s t s  a phenomenon o c c u r r i n g  i n  t h e  

porous medium t h a t  r e s u l t s  i n  reduced p e r m e a b i l i t y  w i t h  i n c r e a s i n g  

throughput  water volume. I n  o r d e r  t o  f u r t h e r  i d e n t i f y  t h e  n a t u r e  of 

t h i s  e f f e c t ,  a n  exper iment  should  be performed t o  measure t h e  

p e r m e a b i l i t y  of t h e  sands tone  ove r  a number of h e a t i n g  and c o o l i n g  

c y c l e s .  Necessary r e v i s i o n s  of t h e  expe r imen ta l  procedure i n c l u d e  t h e  

use of a new c o r e  sample of uniform diameter  and a modified c o n f i n i n g  

s l e e v e  capable  of wi ths t and ing  high p r e s s u r e  and tempera ture .  
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9 .  ADDITIONAL WORK 

The d i f f i c u l t i e s  w i t h  t h e  t e f  l o n  s l e e v e  encountered i n  t h e  t i r s t  

two runs  of t h e  experiment  prevented  a complete a n a l y s i s  of t h e  

r e l a t i o n s h i p  between tempera ture  and a b s o l u t e  pe rmeab i l i t y .  However, 

a f t e r  s e v e r a l  changes had been made i n  t h e  exper imenta l  appa ra tus  and 

procedure ,  a more u s e f u l  set of d a t a  was ob ta ined .  The r e s u l t s  of t h e  

t h i r d  exper imenta l  run  helped answer some of t he  ques t ions  r ega rd ing  t h e  

e f f e c t s  of tempera ture  and throughput  volume on pe rmeab i l i t y .  

The f i r s t  a l t e r a t i o n  addressed  t h e  problem of a r e l i a b l e  s l e e v e  

material t o  i s o l a t e  t h e  f lowing  f l u i d  irom t h e  f l u i d  used t o  app ly  

conf in ing  p r e s s u r e .  The combinat ion of t e f l o n  and v i t o n  tub ing  w a s  

found t o  be adequate  under t h e  c o n d i t i o n s  of p r e s s u r e  and tempera ture  

used i n  t h i s  s tudy .  A f t e r  a new core  was c u t  and mounted between t h e  

endplugs ,  t h e  t e f l o n  was hea ted  f o r  f i v e  hours  a t  300°F i n  o r d e r  t o  

o b t a i n  a c l o s e  f i t  around t h e  co re  sample .  In t h e  two p rev ious  

a t t e m p t s ,  t h e  co re  and endplugs were mounted h o r i z o n t a l l y  i n  a l a r g e  C- 

clamp and p laced  i n  the  a i r  ba th .  Th i s  arrangement was found t o  r e s u l t  

i n  uneven sh r inkage  and gaps a t  t h e  sandface  -- endplug i n t e r f a c e .  

Consequent ly ,  by m u n t i n g  t h e  core  between t h e  endplugs v e r t i c a l l y  wi th  

t h e  t e f l o n  around them, a t i g h t e r ,  more even f i t  was achieved .  Once t h e  

co re  was allowed t o  c o o l ,  a s l e e v e  of one-inch v i t o n  tub ing  was placed 

around the  core sample over  t h e  t e f l o n  s l e e v e .  Hose clamps around the  

v i t o n  were used t o  secu re  t h e  two s l e e v e s  t o  t h e  endplugs.  During the  

subsequent  exper imenta l  r u n ,  t h e  s l e e v e  s u c c e s s f u l l y  maintained the  

conf in ing  p res su re  a t  2000 p s i  a t  tempera tures  as h igh  as 300°F. 

In response  t o  t h e  importance f o r  a c o r e  sample wi th  a uniform 

d iame te r ,  a new Fonta inebleau  co re  was c u t  t o  0.973 inches  i n  diameter  
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and 6.330 i n c h e s  i n  l e n g t h .  Using t h e  same evacuat ion  and s a t u r a t i o n  

procedure as b e f o r e ,  t h e  pore volume w a s  c a l c u l a t e d  as 8.70 c m  , and t h e  

p o r o s i t y ,  11.3%. 

3 

The o b j e c t i v e  of t h e  t h i r d  exper imenta l  run  was t o  mre c l e a r l y  

d e f i n e  t h e  behavior  of t h e  a b s o l u t e  p e r m e a b i l i t y  of t h e  Fonta inebleau  

sands tone  a t  vary ing  tempera tures  and cumulat ive throughput  volume. A s  

mentioned b e f o r e ,  t h e  degree  of r e p e a t a b i l i t y  of p e r m e a b i l i l t y  

measurements over  several .  h e a t i n g  and c o o l i n g  c y c l e s  could i n d i c a t e  

whether tempera ture  or throughput e f f e c t s  are t h e  dominant cause of 

observed p e r m e a b i l i t y  v a r i a t i o n s .  To accomplish t h i s ,  t h e  experiment 

was designed t o  vary tempera ture  from t h e  o u t s e t  r a t h e r  than beginning 

w i t h  extended f low a t  c o n s t a n t  tempera ture  t o  i n v e s t i g a t e  throughput  and 

f l o w r a t e  e f f e c t s .  

The exper imenta l  procedure began by evacuat ing  t h e  system o v e r n i g h t  

u s i n g  t h e  l i q u i d  n i t r o g e n  co ld  t r a p  i n  conjunct ion  w i t h  t h e  vacuum 

pump. Again,  t he  d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r s  were c a l i b r a t e d ,  and 

t h e  e v a c u a t i o n  was cont inued f o r  two more hours  before  t h e  run 

commenced. I n  t h e  f i r s t  r u n ,  d i s c o n t i n u i t i e s  were observed i n  t h e  

o therwise  smooth dec l ine  o f  p e r m e a b i l i t y  vs .  throughput volume when t h e  

f l o w  was s topped.  T h e r e f o r e ,  t h e  f low was planned t o  be maintained 

throughout  t h e  run w i t h  only b r i e f  i n t e r r u p t i o n s  dur ing  t h e  r e f i l l i n g  of 

t h e  pump c y l i n d e r .  

The r e s u l t s  are f i r s t  cons idered  i n  terms of t h e  cumulat lve 

v o l u m e t r i c  throughput  t o  v e r i f y  t h a t  t h e  new core  e x h i b i t e d  s i m i l a r  

behavior  t o  t h e  f i r s t  one used. F igure  9 shows a g e n e r a l  decrease  i n  

a b s o l u t e  p e r m e a b i l i t y  wi th  i n c r e a s i n g  cumulat ive water through t h e  

core .  Each p o i n t  r e p r e s e n t s  an average of t h e  t h r e e  h i g h e s t  f low r a t e s  

a t  each temperature .  It i s  impor tan t  t o  n o t e  t h a t  t h e  jumps i n  t h e  
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curve r e s u l t  from temperature  v a r i a t i o n s ;  however, t h e s e  do not  a l t e r  

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

tempera ture- re la ted  p e r m e a b i l i t y  v a r i a t i o n s  d iminishes  wi th  h igher  

throughput  volume. This  i s  a l s o  n o t i c e a b l e  on t h e  permeabi l i ty  vs.  

temperature  p l o t .  

I n  o r d e r  t o  ana lyze  t h e  r e l a t i v e  importance of temperature  and 

throughput e f f e c t s ,  p e r m e a b i l i t y  is p l o t t e d  as a f u n c t i o n  of tempera ture  

i n  Figure 10. The arrows on t h e  l i n e s  between p o i n t s  i n d i c a t e  t h e  

sequence i n  which t h e  temperature  was v a r i e d  d u r i n g  the  experiment.  The 

most obvious f e a t u r e  i s  t h e  s h a r p  d e c l i n e  i n  p e r m e a b i l i t y  over t h e  f i r s t  

two h e a t i n g  c y c l e s  dur ing  which t h e  temperature  was raised t o  300°F. It 

i s  important  t o  n o t e ,  however, t h a t  t h e  p e r m e a b i l i t y  cont inued t o  

d e c l i n e  s l i g h t l y  i n  t h e  fo l lowing  c o o l i n g  c y c l e  from 300°F down t o  room 

tempera ture .  F i n a l l y ,  t h e  p e r m e a b i l i t y  was found t o  change r e l a t i v e l y  

l i t t l e  w i t h  temperature  v a r i a t i o n s  as t h e  curve f l a t t e n e d  on t h e  l a s t  

h e a t i n g  c y c l e .  

A t  t h e  end of t h e  r u n ,  t h e  co re  holder  w a s  disassembled and t h e  

i n l e t  sandf ace  i n s p e c t e d  v i s u a l l y  f o r  r e s i d u e .  No evidence of plugging 

a t  t h e  i n l e t  f a c e  appeared;  consequent ly ,  any plugging must have been a 

r e s u l t  of p a r t i c l e s  o r i g i n a t i n g  w i t h i n  t h e  porous medium. 

The conclus ion  drawn from t h e s e  r e s u l t s  i s  t h a t  vo lumetr ic  

throughput  e f f e c t s ,  caused by plugging of pore c o n s t r i c t i o n s  by 

m i g r a t i n g  f i n e  p a r t i c l e s ,  are t h e  main cause of t h e  observed 

p e r m e a b i l i t y  d e c l i n e .  S ince  t h e  d e c r e a s e  i n  p e r m e a b i l i t y  i s  found t o  

s t a b i l i z e  a t  h i g h e r  cumulat ive throughput  volumes when t h e  plugging 

phenomenon has reached a maximum, t h e  a b s o l u t e  permeabi l i ty  of t h i s  

sandstone can be cons idered  independent  of temperature .  
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APPENDIX A 

CALCULATION OF PERNEABZLITY 

Pe rmeab i l i t y  can be de f ined  i n  terms of Darcy's l a w  as fo l lows :  

Where, q = vo lumet r i c  flow rate  i n  c c / h r .  

IJ = v i s c o s i t y  of f lowing  f l u i d  i n  cp. 

L = l e n g t h  of core sample i n  cm. 

A = c r o s s - s e c t i o n a l  a r e a  of core  i n  c m  . 2 

Ap = p r e s s u r e  d i f f e r e n t i a l  a c r o s s  core  i n  atm. 

k = a b s o l u t e  p e r m e a b i l i t y  t o  f lowing  f l u i d  i n  d a r c i e s .  

S ince  t h e  vo lumet r i c  flow rate  i s  measured a t  room c o n d i t i o n s  o t  

p r e s s u r e  and tempera ture  (14.70 p s i a  and 7U°F) ,  q must be c o r r e c t e d  t o  

c o n d i t i o n s  i n  t h e  co re .  This  c o r r e c t i o n  can be accomplished by 

e x p r e s s i n g  a mass flow r a t e  which is cons tan t  i n  s t e a d y  s t a t e  flow 

accord ing  t o  the c o n t i n u i t y  equa t ion :  

Where, qp = mass f low rate  a t  co re  c o n d i t i o n s .  

= mass flow rate a t  s t a n d a r d  (room) c o n d i t i o n s ,  70°F qscpsc 

and 14.70 p s i a .  

3 = 62.3053 l b m / f t  %c 
3 

p = d e n s i t y  i n  l b m / f t  from Table  1. 
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Fluid v i s c o s i t y  must a l s o  be corrected to flowing conditions i n  the 

core. Viscosity values a t  220 p s i  for t h e  appropriate temperatures are 

found in  Table 1 .  The values of A and L are determined by the 

dimensions of the core sample used: 

A = 4.776 cm2 

L = 15.94 cm 

Darcy's law can now be expressed: 

3 9  
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TAbLE A-1 

DENSITY AND VISCOSITY OF WATER AT 220 PSI 

Temperature ( O F )  Dens i t y ( 1 bm/ f t ) 

100 62.0347 0 .6813  

150 61 .2370 0.4304 

60 .1685 0.3036 200 

250 58.8582 0 .2298 

300 57.3394 0 .1834 

V i s  cos i t y ( cp ) 
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APPENDIX B 

ERROR ANALYSIS 

I n  o r d e r  t o  determine t h e  e r r o r  i n  p e r m e a b i l i t y  measurements, equa t ion  A-3 

can be d i f f e r e n t i a t e d  as f o l l o w s  t o  e x p r e s s  a change i n  p e r m e a b i l i t y  as a 

f u n c t i o n  of t h e  o t h e r  parameters  i n  Darcy's law. 

where psc,  L,  and A ,  are c o n s t a n t .  

measurement of t h e s e  q u a n t i t i e s  w i l l  tend t o  c o n t r i b u t e  e q u a l l y  i n  

magnitude and d i r e c t i o n  to  a l l  p e r m e a b i l i t y  calculations.  

I n  o t h e r  words, any e r r o r  i n  t h e  

The flow rate can be expressed  as fo l lows .  

V sc 
t- 

qsc t 

where vsc i s  t h e  volume of water a t  s t a n d a r d  c o n d i t i o n s .  

when f low rate is measured e r r o r  can be in t roduced  i n  both  volume and 

t i m e  . 

Consequently,  

1 v S C  
= dv (-) - dt(-) 2 t dqSC sc t 

( B - 3 )  

where d t  = 20.05 seconds and i s  t h e r e f o r e  considered n e g l i g i b l e .  

It i s  assumed t h a t  i f  temperature  and back p r e s s u r e  on t h e  system are 

maintained a t  c o n s t a n t  va lues  for an exper imenta l  run ,  e r r o r s  
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' i n  P and P are n e g l i g i b l e  (i.e. du and dp are approximately ze ro ) .  

qSCp u scL dk = - -  A { dq sc (--I - d(Ap)(7) } 
PAP PAP 

S u b s t i t u t i n g  e q u a t i o n s  B-2 and B-3 i n t o  B-4, 

The percent  e r r o r  i n  p e r m e a b i l i t y  i s  found by d i v i d i n g  t h e  term 

r e p r e s e n t i n g  an i n f i n i t e s i m a l  change by t h e  a c t u a l  va lue .  

dk dVsc d (Ap> 
- E = v - -  AP 

S C  

Since t h e  dvSc and d(Ap) terms express  only t h e  magnitude of e r r o r  i n  t h e  

cor responding  terms, the  measurement can d e v i a t e  from the true value i n  

e i t h e r  a p o s i t i v e  or n e g a t i v e  d i r e c t i o n .  Therefore ,  t h e  a c t u a l  e r r o r  i n  

p e r m e a b i l i t y  is obta ined  by a d d i t i o n  of t h e  squares  of t h e  e r r o r  terms. 

The method employed f o r  vo lumetr ic  f low rate measurement c o n s i s t e d  of 

moni tor ing  t h e  time r e q u i r e d  t o  fill a 100 m l  c y l i n d e r .  Due t o  t h e  s i z e  

of t h e  g r a d u a t i o n s  on t h e  v e s s e l  and t h e  n a t u r e  of t h e  reading  technique ,  
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fl m l  is used as an estimate f o r  dvsc. 

measurements were made t h r e e  times and an average c a l c u l a t e d ;  

A t  each flow rate s e t t i n g ,  the  

consequent ly ,  t h e  f low rate e r r o r  i s  somewhat less than 1%. However, a 

s i m p l i f i c a t i o n  has  been made by assuming t h a t  dVsc = -lO.Ol 

s c  

The amount of e r r o r  in t roduced  by the  d i f f e r e n t i a l  p re s su re  measurement 

depends on t h e  r e l a t i v e  s i z e s  of t he  f u l l  scale r a t i n g  of t he  t r ansduce r  

and t h e  a c t u a l  Ap . As a r e s u l t ,  t he  p re s su re  drop e r r o r  term i n  equat ion  

B-8 can be expressed as fo l lows ,  based on t r ansduce r  diaphragm and 

i n d i c a t o r  e r r o r s  of 1% each. 

Where, Ap = the  a b s o l u t e  va lue  of t he  range of the  t r ansduce r  
maX 

diaphragm i n  use.  

Ap = t he  measured p res su re  d i f f e r e n t i a l  a c r o s s  core .  
/ 
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