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ABSTRACT 

Recent work on the  e f f e c t  of temperature  on r e l a t i v e  

pe rmeab i l i ty  suggested t h a t  a b s o l u t e  pe rmeab i l i ty  w a s  a l s o  

a temperature  dependent p roper ty  of  rocks.  

Equipment o r i g i n a l l y  designed t o  perform dynamic d i s-  

placements through consol ida ted  sandstone samples was 

modified and used t o  measure a b s o l u t e  pe rmeab i l i ty  under 

c o n d i t i o n s  of e l eva ted  temperature  and overburden pressure.  

S e v e r a l  f l u i d s  were used t o  make t h e s e  measurements, namely, 

d i s t i l l e d  water ,  white  mineral  o i l ,  n i t r o g e n  and helium. 

I n  l i g h t  of t h e  unique r e s u l t s  obta ined  w i t h  d i s t i l l e d  

water ,  i .e .  s i g n i f i c a n t  pe rmeab i l i ty  r e d u c t i o n  a t  high 

temperature ,  c h m g e s  i n  flow p r o p e r t i e s  due t o  rock- f lu id  

i n t e r a c t i o z  xeze given p a r t i c u l a r  a t t e n t i o n .  Whenever a 

t e E 7 e r a t w e  e.eTez2ence was evidenced, t h e  combined e f f e c t  of  

pure -,scklazlLzal s t r e s s e s  and thcrmal ly  induced s t r e s s e s  was 

s t ~ r i i e C ,  E Z ~  an a d d i t i v e  e f f e c t  was g e n e r a l l y  observed. 

- - 4tTp ’ ;  --.L---” 7”. , 5=lphg t he  course of t h e  gas flow experiments,  

the = . f f e c t  of  tezzperature on gas s l i p p a g e  and tu rbu lence  

coeTfLcient was also analyzed, and c l o s e  agreement between 

exy5r iaecta l  results and theory  was found. 
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I. INTRODUCTION 

Seve ra l  workers i n  the  las t  decade have found r e l a t i v e  

pe rmeab i l i t y  t o  be a temperature-dependent p rope r ty  of  

rocks.  However, t he  l a c k  o f  cons i s t ency  i n  t h e  r e s u l t s  

t h a t  t hey  ob ta ined ,  and t h e  need f o r  more conc lus ive  data 

motivated f u r t h e r  i n v e s t i g a t i o n  i n  t h i s  area. With t h i s  

o b j e c t i v e  i n  mind, a d d i t i o n a l  exper imental  r e s e a r c h  was 

conducted i n  t h e  l a t e  1960 s by Vleinbrandt 

f i n d i n g s  suggested t h a t  no t  on ly  r e l a t i v e  pe rmeab i l i t y  bu t  

a l s o  a b s o l u t e  pe rmeab i l i t y  o f  f i r e d  conso l ida t ed  rocks could 

be a func t ion  of t h e  temperature l e v c l .  F i r i n g  a t  94OoF was 

( 1 ) .  His 
t 

done t o  oxi2 izc  any organic  mat te r  i n  t h e  co re  and poss ib ly  

t o  d e a c t i v a t e  t h e  c lays .  
. 

The va l ic i i tg  of  t h i s  s p e c u l a t i o n  was checkec! i n  1972 by 

t h e  p r e s e n t  au tho r  ( 2 )  by measuring a b s o l u t e  pe rmeab i l i t y  

t o  water a t  c o n e t i o n s  of e l eva t ed  temperature  f o r  two types  
. I  of f i r e d  3 ~ 2 z s t 3 n e s .  The exper imental  appa ra tus  used vms t h e  

EWS as fcz fh?e r e l a t i v e  permeabi l i ty  measurements, and 

t c~ :e ra2 ,zs  - -?;as found t o  have a s t r o n g  e f f e c t  upon a b s o l u t e  

ns----~-q4 - i 4-77. 
u v -  .-=&--A- I 

7- iE a i l  reservoir engineer ing  c a l c u l a t i o n s ,  a b s o l u t e  per- 

n e a 5 i l i t y  is a basic parameter and it has been t r a d i t i o n a l l y  
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measured a t  room cond i t i ons ,  w i t h  t he  i m p l i c i t y  assumption 

t h a t  i t  changes on ly  w i t h  l oad ing  p re s su re ,  n o t  w i t h  tem- 

pera tu re ,  Therefore ,  immediate i n t e r e s t  was genera ted  by 

t h e  above mentioned pre l iminary  r e s u l t s ,  and t h e  obvious  

need f o r  a d d i t i o n a l  in format ion  motivated t h e  p r e s e n t  s tudy ,  

The pre l iminary  s tudy  had been conduc te i  v:ith d i s t i l l e d  

water  on ly  as a s a t u r a t i n g  f l u i d ,  and l i t t l e  a t t e n t i o n  had 

been given t o  t h e  y o s s i b l e  i n f l u e n c e  of such phenomena as 

c l a y  s w e l l i n g  o r  molecular  i n t e r a c t i o n  a t  t h e  surface of  t h e  

rock  because t h e  c o r e s  had presumably been d e a c t i v a t e d  by 

f i r i n g .  

caused t h e  pe rmeab i l i t y  t o  decrease  w i t h  i n c r e a s i n g  tem- 

pera tu re ,  i t  was decided t o  use  o t h e r  f l u i d s  such  as i n e r t  

ga ses  and a minera l  o i l ,  and t o  look f o r  goss ib le  f l u i d  

entrapment a t  high temperature.  

I n  o rde r  t o  provide a c l u e  as t o  x h a t  a c t u a l l y  

The s p e c u l a t i o n  vias a l s o  made t h a t  thermal ly  induced 

mechanical s t r e s s e s  were responsibl -e  f o r  t h e  changes ob- 

served  i n  f l u i d  f l o a  p r o p e r t i e s ,  

can be incuce2  by prrrely mechanical a c t i o n ,  such as i n c r e a s i n g  

t h e  c o n f i z i n g  l o a c  o f  t h e  rock samples s tud ied .  

i n  f l u f 5  I’ion c r s x r t i e s  - -  t h a t  have been r e p o r t e d  due t o  these 

rnecha2cz.l s t r ssses  a r e  somewhat analogous t o  t h e  changes  ob- 

s e r v f- d -:;it 2 t e z p r a t u r e .  Therefore ,  i t  was also dec ided  t o  

vary  ti?^ ovsrbxr2en pressure  and t o  s tudy  s imul taneous ly  t h e  

e f f e c t  or” tezzerzture and p re s su re  on t h e  f l u i d  flow p r o p e r t i e s  

of  var iozz  sanestones .  

S t r e s s e s  of the  same n a t u r e  

The changes 

. .  
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i a c F i n a l l y ,  one more o b j e c t i v e  of  t h e  s tudy  was to use  the gas 

flow d a t a  t o  determine values  f o r  t h e  Klinkenbcrg slip factor 

and the  tu rbu lence  f a c t o r  a t  e l eva t ed  ternneraturcs. 
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11. SURVEY OF LITZRRATURE 

Af t e r  g i v i n g  a formal d e f i n i t i o n  o f  t h e  permeabi l i ty  of  a 

porous medium, Muskat ( 3 )  makes t h e  fo1lov;ing comment: "It is 

t h u s  a c o n s t a n t  determined o n l y  by t he  s t r u c t u r e  of  t h e  medium 

i n  ques t ion  and i s  e n t i r e l y  ince?endent of the  n a t u r c  o f  t h e  

f l u id" .  S ince  t h e  s t r u c t u r e  o f  a norous rocuiurn can be a l t c r e d  

by s u b j e c t i n g  t h i s  med-ium t o  i? high temperature chang5, i t  is 

i n t e r e s t i n g  t o  no te  t h a t  t h e  above cominent docs n o t  exclude 

t h e  p o s s i b i l i t y  of  a temperature  dependence f o r  permeabi l i ty .  

Yet, even though t h e  staterncnt ha6 n c v w  been e x p l i c i t e l y  

made t h a t  pe rmeab i l i t y  i s  independent of temperature,  i t  h a s  

been common p r a c t i c e  i n  r e s e r v o i r  eng ineer ing  c a l c u l a t i o n s  t o  

use  a s i n g l e  value of  a b s o l u t e  permeabi l i ty  throughout a range 

of t e n n e r a t u r e s ,  This tendency t o  b e l i e v e  t h a t  permeabi l i ty  

would no t  be a f f e c t e d  by tempcraturc ,  a t  l e a s t  i n  t he  hydrology 

l i t e r a t u r e ,  i s  Fezhaps due t o  an evo lu t ion  i n  terminology 

t h a t  led t o  t h e  ? r e s e n t  d e f i n i t i o n  o f  a b s o l u t e  permeabi l i ty .  

The m o ? o r t i o r a l l t p  f a c t o r  t h a t  r e l a t e s  t h e  v e l o c i t y  of  a 

f l u i d  t o  tne ;riss:.xe g r a d i e n t  i n  Darcy's  las,  i s  noc termed +' 

t he  nn++ L Y  ---- 7 i A T -  b J  cl" ',?-._e f l u i d .  For s i n g l e  phase flol:! i t  is  the  

r a t i o  :I' t h e  aSsoiate ( o r  i n t r i n s i c )  permeabi l i ty  t o  t h e  f l u i d  

Vi scoz lLy ,  i.eet It  i s  not  uncommon, hovrever, t h a t  t h i s  

r a t i o  i t s e l f  be termed t h e  "permeabi l i ty"  i n  t h e  hydrology 

literat,:e; i n  =any papers  one may read t h a t  " permeabi l i ty  

is  ir,vPrseljr a r o ? o r t i o n a l  t o  t h e  fluid v i scos i ty" ,  and  t h a t  

Ir 

P 

i 



" t h e  i n f l u e n c e  of temperature on permeabi l i ty  must  be consid- 

ered through changes i n  t h e  f l u i d  proper t ies" .  (4 )  I t  is pos- 

s i b l y  t h i s  misconception even a f t e r  permeabi l i ty  and viscos-  

i t y  were clearly se?a.t-ated, t h a t  prevented basic r e s e a r c h  

i n  t h i s  area e a r l i e r .  

I t  i s  on ly  i n  t h e  l a t e  1960's t h a t  changes i n  a b s o l u t e  

pe rmeab i l i t y  were observed w i t h  temperature . I n  1968, 

Greenberg, e t  al., ( 5 )  r epo r t ed  data on the  p e r m e a b i l i t i e s  

t o  water of n i n e  a r t i f i c i a l l y - c o n s o l i d a t e d  hydro log ica l  

porous medium samples, f o r  a l i m i t e d  temperature span (80- 

140°F). The gene ra l  t r e n d  shov:ed e i t h e r  s l i g h t  t o  moderate 

decreases i n  permeabi l i ty  o r  e l s e  no change a t  a l l  w i t h  

i n c r e a s i n g  temperature ,  wi th  t h e  except ion of  i n c r e a s e s  i n  

tyro cases .  The char,ges observed were a t t r i b u t e d  t o  micro- 

s t r u c t u r a l  rearrangements i n  t h e  matrix Geometry of t h e  

' samples  vihich haci a rough and i r r e g u l a r  s u r f a c e  t e x t u r e ,  

whereas samples Ig i th  r e l a t i v e l y  smooth s u r f a c e s  showed no 

Eigparent pernea-z i l i ty  changes. It must be noted tha t  

a l l  t h e  co re  sazples t e s ted  xere a r t i f i c i a l l y  conso l ida ted  

v:ith phenol ic  r e s i n  o r  by s i n t e r i n g ,  and t h a t  no con f in ing  

T r e s s m e  vas ii;??Xed around t h e  cores.  

In t s69,  -%fizose110v I (6 )  r epo r t ed  a cons iderab le  reduc t ion  
. . - .  of p e ~ c z x ~ : : ~  r551 inc reased  temperature ( u p  t o  100-fold 

betxesz 2 2 2-5 20G3F). The v a l i d i t y  o f  t h e s e  results, how- 

ever ,  fr r:?stisnabie, because h i s  data ciere ob ta ined  by a 

contir,.,;sT-rs oetkcc i  xhich  probably d i d  n o t  a l l o x  f o r  i s o t h e r-  

m a l  cor-2it ior-s  t o  be reached. Tenperature i nc reased  from 

70°F t o  2% _r h t e n  minutes on ly ,  and a l l  o f  t h e  data were 

ob ta ined  c u r i n g  t h a t  b r ie f  time i n t e r v a l ,  No mention was 

,. 
- ?d-  

nQ-. 
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made about  p o s s i b l e  c l a y  con ten t  of t h e  samples. Confining 

p r e s s u r e s  from 300 p s i  t o  15,000 p s i  were used, bu t  no a t tempt  

was made t o  s t u d y  t h e  combined e f f e c t  of temperature  and con- 

f i n i n g  p r e s s u r e  on a b s o l u t e  permeabi l i ty .  I n s t e a d  a separate 

i n v e s t i g a t i o n  of t h e  e f f e c t  of h y d r o s t a t i c  p ressu re  on per- 

m e a b i l i t y  a t  room temperature  ';:as conducted. Again extreme 

r e d u c t i o n  of pe rmeab i l i ty  was observed a t  high c o n f i n i n g  

pressures .  Q u a l i t a t i v e l y ,  t h e s e  r e s u l t s  agreed wi th  previously 

publ ished work (7 to 12) ? bu t  q u a n t i t a t i v e l y  the decrease  ob- 

se rved  was much g r e a t e r  than  one might i n t u i t i v e l y  expect .  

The e f f e c t  of radial and/or axial stress on t h e  phys ica l  

p r o p e r t i e s  of  rocks  has been s t u d i e d  by s e v e r a l  i n v e s t i g a t o r s .  

A review of  e a r l i e r  work was made i n  1967 by W i l h e l m i  and 

S ~ r n e r t o n ' ~ )  They measured. s imul taneous ly  pore and e l a s t i c  

p r o p e r t i e s  of  rocks  under a wide range o f  t r i a x i a l  stress 

cond i t ions .  One of t h e  first c o n t r i b u t i o n s  i n  t h a t  area had 

been made i n  1972 by F a t t  and They shoved t h a t  

pe rmeab i l i ty  a t  15,000 p s i  conf in ing  p rcssu re  could be 25 

t o  60% sGa l l e r  t'na permeab i l i ty  a t  ze ro  confining pressu re ,  

depending on t h e  type  of rocks  s t u d i e d ,  Genera l ly  speaking,  

t h e  h i & r  "YE w r m e a b i l i t y ,  t h e  higher t h c  percentage  of 
- , -  re&xt:oz, a~:cox:,ch t h e  oppos i t e  t r e n d  was observed by 

' 9 )  The discre-gancy was a t t r i b u t e d  t o  t h e  et  S
A
, ~ 

. -  ' ? p T  -&-.-e< a
t  !".b2a _v_-_ 

f ac t  - * - -  -Lw i n  5 e  former case  c l e a n  sands tones  and l imes tones  

h a c  ~ ? Z Z  usee, ::-hereas i n  t h e  l a t t e r  case  t h e  co res  used had 

a h.5~5 clay coztent. 

T= - .. ?363, mrk on t h e  e f f e c t  of  overburden p ressu re  on 

pe rmcab i l i ty  an iso t rony.  Permeabi l i ty  r educ t ion  vas shown t o  



-7- 

be a func t ion  of  t h e  r a t i o  o f  radial t o  axial s t r e s s ,  w i t h  

maximum r e d u c t i o n  evidenced under uniform stress, i .e , ,  when 

t h e  axial stress i s  equa l  t o  t h e  radia l  stress. A s  will be seen 

later ,  the  p re sen t  work was accdmplished under c o n d i t i o n s  of  

uniform stress, 

Fur the r  ref inement  i n  t h i s  area was obta ined  by c o n s i d e r i n g  

t h e  e f f e c t  on pe rmeab i l i t y  of  t h e  con f in ing  p re s su re ,  

de f ined  a6 ( c o n f i n i n g  pressure  - tx x p o r e  pressure) .  S e v e r a l  

i n v e s t i g a t o r s  have found t h a t  a good value f o r  CA is 0.85. 
made t h e  assumption and e f f e c t i v e l y  Among them, Dobrynin 

observed, t h a t  t h e  changes i n  s e v e r a l  phys i ca l  p r o p e r t i e s  of  

rocks  under p ressure ,  i n c l u d i n g  permeabi l i ty  ana po ros i ty ,  

a r e  c o n t r o l l e d  t o  a l a r g e  e x t e n t  by t h e  pore c o m p r e s s i b i l i t y  

of  t h e s e  rocks.  T h i s  important  observa t ion  may provide a c lue  

t o  t h e  d i sc repancy  between t h e  r e s u l t s  p resen ted  by F a t t  

and M ~ L a t c h i e ( ~ ) .  

material t o  p e r n e a S i l i t y  r educ t ion  was pointed o u t  by Zoback 

i n  an  a t tempt  t o  i ~ e v e l o p  a conceptua l  model of  Berea sandstone.  

H i s  model cons i s te .5  c f  a r e l a t i v e l y  incomnress ible  q u a r t z  

framework surr0m-g a h igh ly  compressible mat r ix  m a t e r i a l  

and a s b g l e  c y l l s k i c a l  c a p i l l a r y .  

was supps r t ed  by ccTeriaenta1 r e s u l t s  showing t h a t  h igh  pore 

presscr5 

than t o e s  :>E. c a s f i c i n g  pressure ,  

( 1 1 )  

(8) 

The c o n t r i b u t i o n  of h igh ly  compress ible  
(12)  

I 

H i s  s i m p l i f i e d  theo ry  

a9Zsct  p s r n e a b i l i t y  t o  an even greater  e x t e n t  

Seve ra l  l z v e s t i g a t o r s  s imul taneously  s t u d i e d  t h e  e f f e c t  o f  

ove rbu rdm presscre on s e v e r a l  rock p r o p e r t i e s  (7,11,13)e One 

of t h e s e  p r o p e r t i e s  is po ros i ty ,  which e v i d e n t l y  has an  
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impor tan t  bea r ing  on permeabi l i ty .  P o r o s i t y  h a s  been acknowl- 

edged t o  change with overburden p ressu re  i n  t h e  same d i r e c t i o n  

as permeabi l i ty .  

r e l a t e  t h e  changes i n  p o r o s i t y  wi th  t h e  changes i n  permeati!ity. 

A l a r g e  pe rmeab i l i ty  v a r i a t i o n  may be t h e  r e s u l t  o f  a s i g n i f -  

i c a n t  change i n  p o r o s i t y  f o r  c e r t a i n  types  of r o c b ,  whereas 

t h e  same permeab i l i ty  v a r i a t i o n  may occur wi th  p r a c t i c a l l y  no 

p o r o s i t y  change f o r  o t h e r  types  of rocks ,  

Never the less ,  i n t u i t i o n  and a l l  experimental  r e s u l t s  i n d i c a t e  

t h a t  a decrease  i n  p o r o s i t y  is always accompanied by a reduc-  

t i o n  i n  permeabi l i ty .  

i n t e r e s t  f o r  t h e  p resen t  s tudy  t o  know how p o r o s i t y  may be 

expected t o  vary  wi th  temperature,  Unfor tunate ly  informat ion  

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

rocks  w i l l  decrease  when temperature i s  increased .  

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

i n d i r e c t  s t u d i e s  of o t h e r  temperature dependent rock p r o p e r t i e s ,  

For i n s t a n c e ,  Saayal, at 3. ( 14)  r e c e n t l y  i n v e s t i g a t e d  t h e  ef- 

f e c t  of tempera tcre  on e l e c t r i c a l  r e s i s t i v i t y  of porous media, 

A s  a result cr' th i r  f ind ings  they specu la ted  t h a t  both p o r o s i t y  

and 7erz2abLLLLy skould decrease  w i t h  temperature  i n c r e a s e ,  b u t  

t h a t  >z,-osltp z k m g e s  were too  small t o  exp la in  t h e  changes 

obszTTCC k t5t o t h e r  rock  p roper t i e s .  

effect 0: t e q e r a t u r e  on c a p i l l a r y  p ressu re  p r o p e r t i e s  of rocks,  

the  E23? authors (15) were a b l e  t o  draw similar conclus ions ,  

y e t  3s t h  result of a d i f f e r e n t  l i n e  of reasoning ,  

However, i t  has  proven imposs ib le  t o  cor-  

It would be t h e r e f o r e  of cons ide rab le  

These 

I n  l a t e r  work on t h e  

A n  attempt t o  d e r i v e  an a n a l y t i c a l  express ion  for t h e  change6 

! 
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of  p o r o s i t y  w i t h  temperature appeared i n  Okandan’s work (16) 

Her s i m p l i f i e d  t h e o r e t i c a l  approach i n d i c a t e d  t h a t  a p o r o s i t y  

r educ t ion  should be expected when temperature i s  increased ,  

bu t  also t h a t  t h e  magnitude of the  r educ t ion  would be much 

too  small t o  be d e t e c t e d  by means of any convent ional  method, 

The impor tan t  po in t ,  however, on which t h e r e  is gene ra l  con- 

sensus  is t h a t  temperature  w i l l  cause p o r o s i t y  t o  be reduced 

t o  some ex ten t .  The i m p l i c a t i o n s  f o r  t h e  p re sen t  work are  

well expressed by t h e  fol lowing quo ta t ion  from Muskat ( 3 ) :  

“It i s  ev iden t  t h a t  any a l t e r a t i o n  of  a given m a t e r i a l  which 

produces a decrease  i n  p o r o s i t y  must n e c e s s a r i l y  r e s u l t  i n  a 

decreased permeabi l i ty ,  

g iven material i m p l i e s  a decrease i n  s i z e  of  the  pores  and 

hence an even g r e a t e r  percentage change i n  permeabi l i ty1’ ,  

This, of course ,  i s  p a r t i c u l a r l y  t r u e  f o r  t h e  range of  trmper- 

atures of i n t e r e s t  i n  t h i s  work, i .e , ,  75’F - 35OoF. 

For t he  r educ t ion  i n  p o r o s i t y  of  a 

At temperatures  well above 500’F cons ide ra t ion  must be 

given t o  o the r  2 h m n e n a  such as decomposition of rock  min- 

erals,  anci p e r D a n a t  s t r u c t u r a l  damage due t o  thermal  s t r e s s e s ,  

-- et, al, r epo r t ed  t h a t  a t  room temperature,  sach  (17) Somerton 

damage say resui: 5~ permeabi l i ty  i n c r e a s e s  of  up t o  50% f o r  

c o r e s  tka: 52.1 kill s z b j e c t e d  t o  1500°F under a con f in ing  

pressure 2: ;520 psi. Permeabi l i ty  \vas measured a t  room tem- 

p e r a t u r e  csislg a s taadard  a i r  permemeter ,  before  and a f t e r  

h c a t i n g  the sazples, 

t h e  range 73-35O”r’. 

t e r e s t i n g ,  

Wo pe rmeab i l i t y  changes were r epo r t ed  i n  

T h i s  las t  r e s u l t  i n  i t s e l f  is  very in-  

Although i t  doesn’t ~ h o f t  ho:gd pcrmeabi l i ty  v a r i e d  i 



- 1 0- 

betialeen 75OF and 350°F, i t  i n d i c a t e s  that no h y s t e r e s i s  was 

* 

observed a f te r  t h e  samples were allowed t o  c o o l  t o  room 

tenpera turc .  

A l l  t h e  above mentioned obse rva t ions  shox t h a t  s t r u c t u r a l  

deformations,  whether due t o  mechanical o r  thcrmal s t r e ~ s ~ s ,  

do a f f e c t  pore p r o p e r t i e s  of rocks. Because o f  t h e  analogy 

betv!een t h e s e  two types  of deformations,  i t  seemed a n m o -  

p r i a t e  i n  t h e  p r e s e n t  work t o  s tudy  t h e i r  e f f e c t s  s i n u l t a -  

ncously  mci hope fu l ly  t o  show t h a t  t h e r e  is a s t r o n g  i n t e r -  

dependence betxeen temperature and c o n f i n i n c  nressure .  The 

irn?ortance of  this interdepenrience had riot bE5.n recognized 

i n i t i a l l y ,  mainly because changes i n  flovr p r o 9 c r t i e s  w i t h  

temperature  were first thought t o  be t h e  r e s u l t  of  a change 

i n  f l u i d  p r o p e r t i e s  r a t h e r  than rock p r o n e r t i e s ,  Accordingly, 

t h e  work t h a t  has been aonc s i n c e  t h e  e a r l y  19601s on the 

e f f e c t  of t e r a e r a t u r e  on r e l a t i v e  pe rmeab i l i t y  

no t  consicier con f in ing  p re s su re  an imgortant  Daraneter.  

(18-22) d i 2  

S i m i l a r l y ,  ti=? pr s l imina ry  s t a g e s  of t he  p re sen t  xork were 

obta.ir,e(: a t  a c c z s t a n t  overburcien ;xessurc  of 2,000 p s i  

a n a  t?x?erz.tzre %ad been i s o l a t e d  as t h e  on ly  parameter af- 

fee+;-- x c I - - ' l  

( 2 2 )  

..__ - A -Ic,,'P-c. acd a b s o l u t e  permeabi l i ty ,  

-- - 2 z ~ r z x r L r e  tke foregoing reviev:, r c c c n t  f i nd ings  sugges t  

~ n a : .  z e s e s r c k  on  t h e  e f f e c t  of temperature on rock permeabil- 

i t y  Y - S ~  be ccnducted,  mainly because of  t h e  l a c k  of  i n f o r -  

matis- i n  t h i s  area. Deformation of  roc!cs and permeabi l i ty  

cha.xg?s GU? t z i  pu re ly  mechanical s t resses  have been thoroughly 

L '  

i 
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i n v e s t i g a t e d  and an analogy between thermal  and mechanical 

s t resses  may be anticipated. 

p r o p e r t i e s  of  rocks under a combination of t he rma l  and 

mechanical stresses seems necessary. 

Therefore,  a s t u d y  of flow 
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111. EXPERIFPENTAL EQUIPMENT 

The o r i g i n a l  equipment was designed f o r  water- oi l  r e l a t i v e  

permeabi l i ty  measurements and was descr ibed i n  d e t a i l  by 

Weinbrandt ( 1 )  , The main components, namely, t h e  oven, 

t h e  core holder ,  and t h e  pressure  measuring and record.ing 

devices ,  remained unchanged. But abso lu t e  permeabi l i ty  runs  

do no t  r e q u i r e  dynamic displacements and consequently,  sev- 

era l  modi f ica t ions  were made t o  t h e  fluid flovi c o n t r o l l i n g  

devices. 

1,  GENERAL DESCRIPTION 

Dynamic displacements were cha rac t e r i zed  by r a p i d  response 

t o  change and continuous record ing  of  t r a n s i e n t  flow parameters, 

They were a l s o  of s u f f i c i e n t l y  s h o r t  dura t ion  s o  t h a t  t he  

temperature staged. cons t an t  throughout t h e  runs. On the o t h e r  

hand, absolute ps,-=leability runs  r e q u i r e  s t eady  s ta te  and long- 

t e rm, i so the rza l  coadi t ions .  Therefore,  emphasis was placed on 

maicterance cl" con,stant running condi t ions  over a r e l a t i v e l y  

loris z-k?. izs cozs t an t  rate,  p o s i t i v e  displacement pump was 

el-I;L,ee f z  i t  only had a 4-minute maximum running time 

befz-3 = = c h r ~ ~ g .  Ins tead ,  l i q u i d  flow vias c o n t r o l l e d  by 

m i c r o r e s i a t i z g  pumps with  unl imited running time, G a s  flow 

was s-c;Zlied from high  pressure  cy l inde r s  and d e l i v e r e d  through 

fine1;q aci justable p ressure  regula tors .  

-. 

. -  
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I n  order  t o  measure the  c o r e  and f l u i d  temperature,  a 

thermocouple was placed a t  the  i n l e t  face  of t h e  co re ,  and 

temperature was recorded cont inuously dur ing  t h e  runs.  

core  holder  assembly was placed i n  an a i r  ba th  t h a t  maintained 

run  temperature. Material used i n  t h e  c e l l ,  r e s e r v o i r s ,  tub- 

i n g  and f i t t i n g s  was 316 s t a i n l e s s  s t e e l ,  which has e x c e l l e n t  

co r ros ion  r e s i s t a n c e .  

The 

A schematic diagram of t h e  equipment is presented i n  

Figs. 1 and 2. The former shows the  arrangement f o r  gas flow, 

while t h e  l a t t e r  i s  f o r  l i q u i d  flow. A photograph of the  

equipment is  shown i n  Fig. 3 .  

2. CORE HOLDER 

The core holder  i s  a Hassler rubber s l eeve  type. ( s e e  

Fig. 4). 

V i t o n  A" rub3er  s leeve ,  between an upstream plug which is 

inmobile,  and a dowxnstream plug which moves h o r i z o n t a l l y  and 

aci justs  t o  t k e  CCZP length.  

t a p  -4, two ta?s f o r  i n l e t  flow B,andw thermocouple well C. 

E i t k x  l iqr ; i15  3 r  gas pressure  can be app l i ed  around t h e  sleeve. 

The rock specimen t o  be s t u d i e d  is he ld  i n  a 

The upstream plug has  a pressure 

- .  z=;=lce $53 2o:mstream p l u g  is mobile, one can s e e  t h a t  

bo tk  aae radial  conf in ing  loaas a r e  s imultaneously ap- 

 die^ t: tk? c x e .  

I t  :;2s observed t h a t  Viton s l eeves ,  even - 1 t h i c k ,  a r e  
8 

s l i r h t l v  ._ c -  mrz;eable t o  gases. Such a llleakagell i s  too  small 

f 
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t o  a f f e c t  gas flow, b u t  would poss ib ly  create a r e s i d u a l  gas 

s a t u r a t i o n  when l i q u i d  i s  flowing through the  core.  

i t  seemed appropr ia t e  t h a t  the  conf in ing  f l u i d  used around t he  

s l e e v e  be t he  same as t h e  s a t u r a t i n g  f l u i d  w i t h i n  the core. 

A t  t h e  came time, t h i s  precaut ion prevented possible contam- 

i n a t i o n  of  the  c o r e  i n  t h e  event  t h a t  some of t h e  conf in ing  

f l u i d  would seep  i n t o  t h e  core  a t  e i t h e r  end of the s l e e v e  

over a long  per iod  of time. 

Therefore,  

3 .  OVEN AND TEMPERATURE CONTROL 

The core  holder  assembly i s  placed i n  a 24 cubic f o o t  

oven. Four k i l o w a t t s  of power a re  appl ied  t o  t h e  hea t ing  

elements by an API model 4010 power pack and an API model 

228 temperature c o n t r o l l e r .  

t h e  output  pulses of the  c o n t r o l l e r  can be placed a t  any 

l o c a t i o n  i n s i d e  t h e  oven. Since t h e  o b j e c t i v e  i s  t o  b r i n g  

t h e  co re  t o  t h e  d e s i r e d  temperature,  t h e  most e f f i c i e n t  

hea t iog  c y c l e  has been found t o  r e s u l t  when t h e  thermo- 

cou?ls  sensar is t i g h t l y  fas tened t o  the  core  holder .  A 

fan  ~rovidss adequate a i r  c i r c u l a t i o n  and the  oven i s  equip- 

The thermocouple t h a t  t r i g g e r s  

ped x13z a l L @ 5  a s d  a window. 

- 
- - L y I -  ..S.n?S7-2-.- uL,r c i s  noni tored  by a 12 channel thermocouple 

r e c o r c 2 r  with i ron- constantan thermocouples. 

b s  tnerzocouple measures t h e  temperature of t h e  core 

i t s e l f ,  as vias y i n t e c i  out  i n  t h e  previous sec t ion .  The 

others a r e  >laced a t  d i f f e r e n t  l o c a t i o n s  i n  the  oven. It 



was found t h a t  c o n t r o l  temperature is reached i n  t he  a i r  ba th  

w i th in  7 0.5OFafter about an hour, bu t  approximately another  

h a l f  hour is needed f o r  the  core  t o  reach the  t e s t  temperature. 

4. PRESSURE RECORDING DEVICES 

Pressure  drop a c r o s s  t h e  core  fo r  l i q u i d  flow vas  measureci 

w i t h  a Pace model KP15 d i f f e r e n t i a l  g ressure  t ransducer  and a 

Pace model CD25 t ransducer  i nd i ca to r .  

drops was handled by u s e  of t h e  proper diaphragm i n  t h e  t rans-  

ducer ( 1  p s i ,  5 p s i ,  25 100 p s i  o r  500 p s i  maximum d i f f e r e n t i a l  

p r e s su re ) ,  

reading.  

nected t o  t he  i n a i c a t o r  and provided a permanent record  of t h e  

pressure ,  

Ba rne t t  Dead Weight Tester .  

measurement was 0.5% of t h e  t o t a l  scale, 

The range of  pressure  

These t ransducers  o f f e r  an accuracy of 1% of  the  

A Heath K i t  model EU-208 e l e c t r o n i c  recorder  was con- 

A l l  t h r e e  ins t ruments  were c a l i b r a t e 6  using a 

Cvera l l  accuracy of  t h e  pressure  

For gas flo:v an a d d i t i o n a l  s e t  of t h e  t h r e e  ins t ruments  

:vas added t o  t h e  equi?!nent, 

D s p r c ~ g  uscri t h e  value of  flov; rate CJ, gas f low 

gkasurerszzs  -1i2z-o zlade us ing  a stor ,  watch and one of  t he  

f o l l o a i s g  t k e e  i s t r u n e n t s :  
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- a Rotameter f o r  in te rmedia te  flow rates,  i.e.: 

0.01 ft3/hr < q < 1 ft3/hr 

- a Bure t t e  (Bubble f i l m  method) f o r  small flow 

rates, i.e.: 

0.001 ft3/hr ( a  (1 f t3/hr 

This  l as t  ins t rument  proved t o  be t h e  most accura te  and 

t h e  most r e l i a b l e ,  because of i t s  s imp l i c i t y .  The v e r t i c a l  

p a r t  of a Y-shaped tube i s  plunged up t o  t h e  t h r o a t  i n  a 

soap sol-ution (See Fig.1). The gas f low t o  be metered e n t e r s  

through one of  t he  branches and bubbles i n t o  the  o the r  branch 

and then up i n t o  t h e  v e r t i c a l  b u r e t t e ,  u n t i l  the  pressure  

r equ i r ed  t o  push t h e  bubbles becomes s u f f i c i e n t  t o  push the  

soap s o l u t i o n  down t h e  v e r t i c a l  p a r t  of  t he  Y-tube, t hus  

l e a v i n g  t h e  t k r o a t  open t o  f1o:ir. Then the  flow rate is obtained 

by simply measuring the  time i t  takes f o r  a bubble t o  t r a v e r s e  

a knovm voltme i n  t h e  bu re t t e .  Because t he  pressure  requi red  

t o  d i sp l ace  t h o  Su5bles was a lvays  l e s s  than 0.01 p s i ,  this 

method essentially- provided f l o x  r a t e  determinat ions  a t  room 

condizions.  

T.---. i, d~u,,.. ,-a.k- 1 ;i 7 "! method i s  highly accura te  ana repeatable. 

It FSS xszc; k c a l i b r a t e  t he  rotameters ,  a t  l e a s t  i n  t he  low 

valiies 3 2  tk? ssrkdng ranges. The ro tameters  consisted.  of 

a lah:ac,o=.y kit of v a r i a b l e  area f1o;vmeters ecqloying "Tr i -  

Flat" :a>ereci t x k s .  Proper combination of the  s e t  of tub2s 

and f l o a t s  available with  t h e  k i t  makes i t  poss ib l e  i n  theory 

5 t o  measure flo!:: r a t e s  of  gases  ranging from 0.01 t o  60 f t  /h r .  

i 
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B u t  p r a c t i c a l l y ,  because these  floivmeters are very s e n s i t i v e  

t o  room cond i t i ons  and r e q u i r e  both temperature and pressure  

co r r ec t ions ,  t h e  use  of  t he  bubble film method o r  t h e  Wet 

Tes t  Meter vias prefe r red ,  whenever poss ible .  

B. LIQUID F'L,OlV 

Although the  rotameters  used f o r  gas floiv cou d aLso 

be c a l i b r a t e d  f o r  l i q u i d  flow, o i t h  the  advantage of  g iv ing  

ins tan taneous  va lues  of  t h e  flow r a t e ,  a very accu ra t e  mass 

f l o x  ra te  cietermination was preferred.  A t  s t eady  s t a t e ,  t h e  

mass f low rate  is cons tan t  throughout t h e  system and cans  thus  

be measured. a t  any po in t  a long the  flax- l i n e ,  T h i s  c.as ac- 

cornDlished by weighing small volumes of  t h e  e f f l u e n t  l i q u i d  

on an a n a l y t i c a l  balazce over a known pe r iod  of  time, 

s e n s i t i v i t y  of the  balance i s  - 0.1 s. (Therefore f o r  a t i n e  

i n t e r v a l  of  more tkan 100 seconds, t he  mass rate  can be de- 

termine? 7:;ith l e s s  t h a ~  O , l %  e r r o r ) .  

The 
T 

Pu?"PS 5. _c__ 

I n  oreer  ts x a c ?  s teady s t a t e ,  flow must be maintained 

Over a q--i Fb.-,uc n ' - 2  -2 c ~ e  s s f f i c i e n t  t h a t  a l l  va r i ab l e s ,  e.g., 

pressw2s3,  : z r p r a t c r e  and flow rate,  remain cons tan t ,  Con- 

s t a n t  y - s s z - z i  cz.-"- mLy be obtained i f  no pu l sa t ion  i s  gen- 

e r a t e d  by C.% ?-a?, 

a f  a piz;t3r_ r-trivm i n t o  a cy l inde r  by a synchronous motor would 

A ? o s i t i v c  displacement pump c o n s i s t i n g  

s c r v e  t h a t  n'clrp~ss, and immediately d e l i v e r  constant rate. These i 

f e a t u r e s  hac: j u s t i f i e d  t h e  use of such a pum? f o r  dynamic 
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. On the  o t h e r  hand, i t s  l i m i t e d  running  d i s p l a c  emen ts ( 1 )  

time range ( 4  minutes a t  25 cc/sec> would make i t  i m p r a c t i c a l  

f o r  s t eady  s t a t e  runs  and repeated  measurements. 

convenient way of handl ing t h i s  problem consis ted.  i n  u s i n g  

A more 

t h e  two micro- regulat ing pumps t h a t  were used be fo re  t o  re-  

charge t h e  p o s i t i v e  displacement pump. The water pump i s  a 

Lapp I1Microflo1' Pulsafeeder  with a d i a l  i n d i c a t o r  c a l i b r a t e d  

i n  1000 increments. 

The o i l  pump is  a Whitey Micro- regulating Laboratory Feed 

pump wi th  a d i a l  i n d i c a t o r  a l s o  c a l i b r a t e d  i n  1000 increments ,  

Both pumps c r e a t e  l a r g e  pressure  pu l sa t ions  when d e l i v e r i n g  

a t  high pressures .  I n  order  t o  e l imina te  p u l s a t i o n s ,  accu- 

mulators  were i n s e r t e d  a long t h e  flow l i n e s  and proved t o  be 

e f f e c t i v e  i n  almost t o t a l l y  damping the  pu l sa t ions ,  Constant 

p r e s s u r e s  were maintained a t  both  ends of t h e  core,  

The p o s i t i v e  dis3lacement pump vias on ly  used o c c a s i o n a l l y  t o  

double check t h e  r e s u l t s  obtained with t h e  o t h e r  pumps. 

- A=. = r , e r p c  k y k m l i c  hand pump provided easy adjus tments  

of :'-e c32*iP;?- r---Ls ~ T P S S L W ~  from 0 t o  10,000 psi.  Chevron white 
d 

min.;ral s i1 I<.:c.is i'as the l i q u i d  compressed by t h e  pump, s o  

t h a t  _ _ _  T 1 1 1 - . -  c x l d  be connected a i r e c t l y  t o  t h e  core holder  
A -  

f o r  o i l  z e r z e a b i l i t y  measurements. For water Fermeabi l i ty  

m e a s p e z c n t s ,  a v a t e r  r e s e r v o i r  was i n s e r t e d  between t h e  pump 

ana t h c  core  h o l d e r ,  i n  order  t o  match conf in ing  and flowing 

liquie. IncreEenta l  changes i n  conf in ing  p ressu re  ::rere obtained 
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by use of t a o  consecut ive  valves  and/or t he  hand pump, 

8. BACKPRESSURE VALVE 

G a s  p ressure  was he ld  on the  e f f l u x  l iquic i  i n  a l a r g e  

c o l l e c t o r  v e s s e l  i n  t h e  e a r l y  s t a g e s  of t h i s  vlork. But f o r  

most o f  t h i s  s tudy,  backpressure was regula ted  by means of 

a f i n e  meter ing needle  valve, This valve served s e v e r a l  

purposes. The main purpose xias t o  keep water from b o i l i n g  

a t  temperatures above 212'F. 

change the  Dore p ressure  l e v e l ,  i n  order  t o  ob ta in  any dc- 

s i r e d  value of t h e  n e t  conf in ing  pressure.  A t h i r d  use v:as 

t o  change the flow rate ,  and hence the  pressure  arop a c r o s s  

t he  core ,  i n  o rder  t o  g e t  a mul t ipo in t  ueterminat ion of  

permeabil i ty.  F i c a l l y ,  keeping t h e  downstream Dressure a t  

a s u f f i c i c n t l y  high l e v e l  prevented gas evolu t ion  from t h e  

l i q u i d ,  thus  g u m a t e s i n g  t h a t  t h e  core remained 100% l i q u i d  

f i l l e d .  

Another use  was t o  simgly 

9. FEAT Z X C U Y S G 2 3  

I t  is ~ 3 ~ s ~ t i ~ i  - temperature remains cons t an t  dur ing  

- a run. r=sza?is? --s fl-ies enter  t h e  oven a t  room ternperatwe,  

a large :::e Tes2rvoir was i n s t a l l e u  i n s i d e  t h e  oven before  

thc cor-: ,n,Lile=. Zoic f l u i d  t n t e r e d  a t  t h e  bottom of t h e  

r e se rvo iz ,  ;;h?i13 k s c  f l u i d  l e f t  from t h e  top. 

l a rge  s i z z  cf t h e  reservoir and t h e  small f l o v  rates t h a t  viere 

Because of  t h e  

i 
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used wi th  l i q u i d  flow, t h e  temperature of the  l i q u i d s  l eav ing  

t h e  r e s e r v o i r  and e n t e r i n g  t h e  core  vias found t o  remain con- 

s t a n t  and t o  be equal t o  t h e  d e s i r e d  t e s t  temperature during 

t h e  e n t i r e  run. 

a t t a i n e d ,  e s p e c i a l l y  when t u r b u l e n t  flow was induced. A 

tendency f o r  the  temnerature t o  drop was observed, i n  s p i t e  of  

t h e  lorn h e a t  c a p a c i t y  of  t h e  gases,  

by f i l l i n g  t h e  r e s e r v o i r  wi th  s t e e l  wool, t hus  improving t h e  

h e a t  exchange, 

cooled p r i o r  to f l o s  r a t e  determinat ion,  

by l e t t i n g  t h e  f l u i d s  flow through a coil immersed i n  a cons tant  

temperature tvater bath. 

When gas was flowing, much higher  r a t e r  were 

This e f f e c t  was eliminatea 

A t  t h e  o t h e r  end of t h e  system, f l u i d s  must be 

This was accomplished 

10, GAS SOURCES 

Gas flow through t h e  samples was suppl ied  from high pres-  

s u r e  c y l i n d e r s ,  ad. r egu la ted  by a two-stage a d j u s t a b l e  regu- 

l a t o r  equioped with a r e l i e f  valve. I n i t i a l  cy l inde r  pressure  

yias 2500 psi Czlivery pressures  ranged from 5 p s i  t o  a 

maxinu2 of 450 psi, 

s ~ ?  regs+ Z x f i n i n g  pressure  f o r  gas flow experiments was 

alss SZZ$LE,~  ?=~a a h igh  pressure  cy l inder  and regu la ted  by 

a b ! g z  ;:=.essz;r% r e g u l a t o r  capable  of d e l i v e r i n g  up t o  2000 p s i ,  

. -  

. .  



IV. PROCEDURE 

1. CORE PREPARATION 

Three types  of  sandstones were used i n  t h i s  i'jork, namely, 

Boise, Berea and Bantiera sandstones,  I n  o rdc r  t o  provide a 

reproducib le  r e f e rence ,  core  prepara t ion  p r i o r  t o  any run fo l -  

loved a ve l l -def ined  program. 

A Cimoni. d r i l l  v:as used t o  c u t  one i n c h  diameter cy l in-  

d r i c a l  cores  u s ing  t a p  water as t h e  d r i l l i n g  fluid. 

co res  were then trinmcci on a l a t h e  w i t h  a carb ide  c u t t i n g  t o o l  

t o  an approximate l eng th  of 2 inches ,  t o  i n s u r e  t h a t  they were 

r i g h t  c i r c u l a r  cy i inde r s ,  After  trimming, the  samples were 

extracted f o r  5 t o  3 hours i n  a Dean-Stark type e x t r a c t i o n  

appara tus  a t  a tzosgher ic  pressure ,  The appara tus  conforms t o  

t h e  Bureau of  En_crs Report of I n v e s t i g a t i o n s  No.4004, 

i n g  e x t r a c t i o z ,  t h e  co res  sere i g n i t e d  f o r  a t  l e a s t  5 hours 

i n  a 500°C ? z z z c z .  

is C z k  d ~ z o c g i i  fc: ox id ize  organic  matter, b u t  lower than t h e  

aecor3csitisz zezzera ture  of  calcium carbonate t o  calcium oxide, 

Tt'=I. - ? =  p . r r . . . r -  . .--p 
_.__L u u - = 3  . d = i u  allowed t o  cool  t o  room temperature over a 

pc-rLz-. c f  at Isast 12 hours. Their  l eng th  an6 diameter were 

reccFzcc -;;it: 3,002 i nch  accuracy. Dry ??;eicht !'ias measured 

z i t i=  3.2;;3.3i 9 accuracy. 

These 

Fo l lo~ i -  

T n i s  temFeraturc -$;as selected because i t  

1 ,  

After i p i t i o n ,  t h e  co re s  were s a t u r a t e d  under vacuum i:rith 
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t he  des i r ed  flovfing l i q u i d ,  i , e , ,  e i t h e r  d i s t i l l e d ,  f i l t e r e d ,  

ueaerated water ,  o r  f i l t e r e d ,  deaerate6 Chevron No. 15 x h i t e  

o i l ,  

co re s  stayeci f o r  2 o r  3 hours under a vacuum of  less t h a n  1 

i n c h  Hg, ';:eight a t  100% l i q u i d  s a t u r a t i o n  vas  recordeci, i n  

o rder  t o  Getermine po ros i ty  by ci ifference c.ith t he  d ry  weight. 

Complete s a t u r a t i o n  v;as reached a f t e r  t h e  l iquid- covered 

For n i t rogen  o r  helium flo'ir, t h e  a i r  sa tura tec!  co rc s  were 

f lushed wi th  several  pore volumes of t h e  des i r ed  gas so  t h a t  

r e s i d u a l  a i r  was completely e l imina ted  by diffusion, 

2 REACHING RUN CONDITIONS 

Permeabi l i ty  measurements began with  p lac ing  t h e  liquici- 

o r  a i r- s a t u r a t e d  co re  i n  t h e  core  holcier. For l iquid .  s a t u r a t e c  

cores ,  great  c a r e  had t o  be cxercised,  s o  t h a t  no air vroulci be 

forced i n t o  the co re  -;.-:?tile i t  was pushed i n t o  t h e  rubber  s leeve ,  

Yhenever t h e r e  was a ~ y  uoubt, t h e  core anci s leeve assembly u:as 

s a t u r a t e d  again uncler vacuum u n t i l  f u l l  s a t u r a t i o n  vias r e s to red .  

Confining p r e s s z e  xas then  appl ied ,  -4s mentioned e a r l i e r ,  

t h e  conf lc i r -g  f l - 2 2  :':as the  same as t h e  s a t u r a t i n g  fluid i n  

o rde r  t o  S-TCLZ cxesira 'a le  e f f e c t s  due t o  noss ib l e  leakage while 

9 r e s s u r l z k g  tk=e s;rste3 o r  a f t e r  system vas uncier pressure ,  

leaiis=.ccr^ 5~21 Z'G 30th ends of t h e  rubber s l eeve  vas obtained 

by c o q r E s z x g  t h e  sleeve t i g h t l y  wi th  20 gauge s t a i n l e s s  s t e e l  

: s i re  arozE2 t h e  uzskreax and uownstream plugs,  

- 7  

A 

The asssnblec system was t h e n  brought t o  t h e  des i r ed  run  

temperatxre, A s  i nd i ca t ed  i n  t h e  a e s c r i p t i o n  of  t h e  oven, t h i s  



-27- 

s t e p  r equ i r ed  about 14 hours. While hea t ing  up, thermal 

expansion of  t h e  conf in ing  f l u i d  would cause t h e  overburden 

pressure  t o  increase .  

Repeated manual adjustments were t h e r e f o r e  necessary  t o  

keep the  overburden pressure  wi th in  t e n  percen t  o f  i t s  de- 

s i r e d  value,  The e f f e c t  on permeabi l i ty  of l e t t i n g  t h e  pres-  

s u r e  i n c r e a s e  far beyond this range vas a l s o  i n v e s t i g a t e d  i n  

t h i s  work, 

A t  t h a t  time, f l u i d  flow was i n i t i a t e d  and measurements 

of temperature,  p ressures  and flow rate were made a t  r e g u l a r  

time i n t e r v a l s .  Steady s t a t e  was assumed nhen no apprec i ab le  

change could be de t ec t ed  i n  t h e  above variables, and t h e  cor- 

resDonding va lues  were then recorded. 

3 .  GAS FLOW 

Gas pressure  was r egu la t ed  upstream by a two-stage pres- 

s u r e  regula'so:, Gas flow rate  was regulated downstream by 

means of a nee6le valve. Pressures  and flow rate were re- 

Detai led a n a l y s i s  of gas flow data 

v i s c o s i t i e s  were c a l c u l a t e d  u s i n g  - 
, where T is  the  A x T ' 0 5  

B + T  r =  
t e r r p r a t u s  ic OK, 

Eelics -:;ere f m z d  i n  r e f . s ,  

consideren, i-? this work, t h e  r e s u l t s  y ie lded  by t h e  above 

Values f o r  A and B f o r  Ni t rogen ana 

For t h e  temperature range 

9 , 
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formula agree  wi th in  l e s s  than 1% w i t h  publisher! experimental  

a a t a ,  

Appendix A, 

These r e s u l t s  a r e  presented i n  Fig.8 and Table 4 i n  

B, FLOW RATE ~IEASURENEXT 

The choice  of t h e  appropr ia t e  flowmeter was determined by 

t h e  ranges  of flovrrates requireci by t h e  t ype  o f  flow under 

cons ide ra t ion ,  i.e., laminar flow o r  v i s c o- i n e r t i a l  flow. 

a, Laminar flovr aata 

Laminar flow vias used t o  c a l c u l a t e  the  two b a s i c  param- 

e t e r s  : ex t rapo la ted  Klinkenberg permeabi l i ty  and Klinkenberg 

s l i p  f ac to r .  

s u r e  drops across t h e  core  and a s u f f i c i e n t  amount of  back 

pressure.  Accurate measurements were needed t o  determine the  

Klinkenberg s t r a i g h t  l i n e .  Flov; r a t e s  were measured w i t h  the  

bubble f i l m  type flovineter a t  room condi t ions ,  as  descr ibed  i n  

s e c t i o n  111 4 A. 

were a l s o  recorde2, mu necessary c o r r e c t i o n s  t o  flowing con- 

d i t i o n s  were aaCe. 

Run cond i t ions  were cha rac te r i zed  by small pres- 

-4tzl,os?heric pressure  and room temperature 

5 ,  Visco-Ljsr t ia l  flow data 

Vf se s -2e r t2z l  f low provided data f o r  c a l c u l a t i o n  o f  the  

turbulecce  %ict;jr. 

the  aslccrit sf back>ressure and thus  i n c r e a s i n g  t h e  pressure  

drop acrcss t h e  cere, Flowrate measurements were made us ing  

a \‘Jet T e s t  Meter o r  a c a l i b r a t e d  s e t  o f  Rotameters, T h e  ac- 

curacy of these nsasurements was l e s s  than 5% i n  some cases ,  

Large flow rates were obtained by reducing 
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which accounts  f o r  t h e  s c a t t e r i n g  of  t h e  t u r b u l e n t  flow data. 

However, a g r e a t  number of data po in t s  were obtained i n  the  

v i s c o- i n e r t i a l  flow region,  and a s a t i s f a c t o r y  a n a l y s i s  o f  

t h e  data was always poss ib le ,  

C. PRESSURE MEASURENEXT 

I n  t h e  case  of gas flow, t h e  upstream pressure  p1 and t h e  

downstream pressure  p2 were both necessary f o r  c a l c u l a t i n g  

permeabi l i ty ,  r a ther  than t h e  pressure drop only. 

two p ressu re  t ransducers  were used. 

va lues  of I>, and p2 were c l o s e  t o  one another.  Maximum ac- 

curacy waB obtained by measuring pl wi th  one t ransducer  and 

t h e  p ressu re  drop, 4 p, with t h e  o the r  t ransducer .  

va lues ,  t h e  mean pressure  pmFpl - 9 was computed, and the 

Therefore, 

For laminar flow, the  

From t h e s e  

d i f f e r e n c e  (p: - p2) 2 was c a l c u l a t e d  as 

Fo: t u r 3 u l e z t  flow data, when t h e  p ressu re  drop was no 

longer  szall  ^vcs~! i t "e5 to t he  mean pressure,  s e p a r a t e  measure- 

Txo l i q u i d s  viere used. i n  this work, namely water and a 

mineral  oil, Tap ?srater was d i s t i l l e d  i n  a Barnstead s t a i n l e s s  
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s t e e l  still. Following d i s t i l l a t i o n ,  t h e  water was f i l t e r e d  

and deaera ted  under a vacuum of about 0.3 psia.  A pH of 5.5 

xas measured, even a f t e r  t h e  d i s t i l l a t i o n ,  f i l t r a t i o n  and 

deaera t ion ,  

carbon d ioxide  content  of t a p  water, 

This low value of pH w a s  a t t r i b u t e d  t o  kigh 

Data on water d e n s i t y  and viater v i s c o s i t y  ve r sus  ternper- 

a t u r e  were found i n  t h e  Steam Tables ( 3 7 )  and are presented 

i n  Fig.5 and 6 .  

Chevron White Mineral O i l  No.15 v;as used f o r  t h e  o i l  

flow experiments. I t  was f i l t e r e d  and deaerated i n  t h e  same 

manner as descr ibed fo r  water. White Mineral O i l  No.15 is  

commercially a v a i l a b l e ,  and t h e  phys ica l  F r o p e r t i e s  of t h e  

oil may vary s l i g h t l y  from one ba tch  t o  another ,  I t  w a s  found 

t h a t  published data from Edmondson (18)  mc! Davidson ( l 9 )  d i f -  

fered by as much as t h i r t e e n  percent  a t  300°F. Attempts t o  

measure v i s c o s i t y  wi th  a Brookfield Electro-Viscometer vlere 

unsuccessful ,  i n  t k a t  erroneously high values. of v i s c o s i t y  

were measured a t  E g h  temperature probably due t o  vapor iza t ion  

of l i g h t  C G Z ~ O C E ~ ~ - Z  o f  t h e  o i l .  

A c a p i l l e y  t u j e  -ri ,scmeter was cans t ruc ted  in which v i s c o s i t y  

cou ld  ' zs  zcas-:,-cd -=der pressure, The procedure f o r  these  

measweaszts ie ;res?r,ted i n  d e t a i l  in paragraph E, (below), 

The resti:izg cil e s c o s i t y  data are shown i n  Fig.?, 

d e n s i t y  xzs deterfined by weighing a known volume o f  o i l  a t  

- .  The o i l  

severa l  4. "mps ra tGres ,  It was found tha t  o i l  d e n s i t y  decreasea 

linearly ~ i t h  iccreasing temperature, and t h e  data.  ob ta inea  

xere in e x c e l l e x t  agreement with Davidson's ( 1 9 )  tiata, A 

i 

t 
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graph of o i l  d e n s i t y  versus temperature is presented i n  Fig.5, 

and t h e  data and r e s u l t s  a r e  l i s t e d  i n  Table 3 i n  Appendix A, 

B. BACKPRESSURE 

Under atmospheric pressure,  the  b o i l i n g  po in t  of water i s  

212°F, and t h e  i n i t i a l  b o i l i n g  p o i n t  o f  White Oil No.15 is 

558OF. 

temperatures  as loT:f as 150°F a t  atmospheric pressure,  There- 

f o r e ,  i t  was necessary t o  keep t h e  l i q u i d s  under a s u f f i c i e n t  

amount of pressure  along t h e  e n t i r e  flow l i n e ,  

pressure  of  apyox imate ly  200 p s i  pas he ld  on t h e  flow system 

by us ing  the  needle  valve loca ted  a t  the  downstream end of t he  

flow system. Pk iz t a in ing  t h e  flowing pressure  a t  t h a t  l e v e l  

also had t h e  e f f e c t  of reducing t h e  volume of a i r  t h a t  might 

have been l e f t  ia t he  pressure  gauges, accumulators o r  t r ansducer  

l i n e s .  

i t  possible t o  he:, t h e  f lox ing  pressure  from changing d r a s t i c a l l y ,  

even whsn t h e  f l v u  w a s  started or  stopped. 

But  evaporat ion of l i g h t  components was observed a t  

An e x i t  f lowing 

The use  of an accumulator i n  s e r i e s  wi th  t h e  pump made 

C. 

2 e 2 e a t z ~  r s a s - a e a e n t  o f  the  flow r a t e  helped determine when 

stea-,g stafz kaf  beer?, reachea. 

descrl;:tm of t k e  equipment, t h e  l i q u i d  e f f l u e n t  was weighed 

a t  r m m  z m d i t i m s  over known time i n t e r v a l s ,  

a t u r e  xas,  bc i l i ag  of the l i q u i d  as well as evaporat ion were 

avoideg by coc l ing  t h e  liquid i n  a c o i l  immersed i n  a cons tan t  

A s  mentioned e a r l i e r  i n  the  

For h igh  temper- 
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temperature water bath,  

necessary,  because the  mass flow ra te  a t  s t eady  s ta te  was 

cons t an t  throughout t h e  system, The volumetric flow rate 

wi th in  t h e  co re  was determined as t h e  r a t i o  of t h e  mass flow 

rate t o  t h e  d e n s i t y  of the  l i q u i d  a t  r u n  temperature, 

No c o r r e c t i o n  t o  room condi t ions  was 

D. PRESSURE DROP MEASUREXENT 

Constant pressure drop w a s  also used as a c r i t e r i o n  f o r  

onse t  of s t eady  s ta te ,  

fixed by t h e  accumulator wi th in  a narrow range, a trial-and- 

e r r o r  procedure was used i n  o rde r  t o  match t h e  flow rate n i t h  

the corresponding pressure  drop. F i r s t ,  t h e  pressure  drop was 

a d j u s t e d  wi th  t h e  backpressure valve t o  as high a value as t h e  

t r ansduce r  p l a t e  would a l low i n  order t o  ob ta in  maximum accu- 

racy. 

by changing t3e ciial of t h e  pump, 

creased, t h e  f l ~ ~  r a t e  was reduced, and v i c e  versa ,  u n t i l  no 

more change xas 25served. No more than three success ive  

a d j u s t z e n t s  XDZB r equ i r ed  u s u a l l y  t o  reach  a cons t an t  flow 

rate ~2 c c m = a + ,  r r e s s u r e  drop. 

Because t h e  upstream pressure  was 

Then, t h e  flax rate was ad jus t ed  t o  t h e  proper value 

If t h e  pressure  d rop  in-  

-4 shut- off  valve on each o f  

t h e  & - - m q G . ~ ~ a -  wA=--uhw.-- Z e s  made i t  poss ib l e  t o  change t h e  t ransducer  

p l a t 2  zz  E Z ~  thrll) without having t o  drop t h e  l i q u i d  pressure.  

- I- -V-L~,SE?ZE~E' OF OIL VISCOSITY AT ELEVATED TEMPERATURES 

A s  e:qla%xi i n  Paragraph A, a c a p i l l a r y  tube tupe visco-  

- 
s+ 

meter xas coss t ruc t ed ,  

o f  316 stainless s t e e l  tub ing  with  a nominal I.D+ of  0.033 i n .  

It cons i s t ed  of a 60-inch-long piece  

c 

I 



f 

-36- 

The tub ing  was c o i l e d  i n t o  a double loop,  about 10 inches  i n  

diameter,  s o  t h a t  i t  would. f i t  i n s i d e  t h e  oven. The f l o n  

system was t h e  same as t h e  one represen ted  i n  Fig.2, except 

t h a t  t h e  co re  holder  vras rep laced  by the  capillary tube ana 

t h e  con f in ing  pressure  l i n e  was n o t  useci. 

Laminar  flow of  liquids through c i r c u l a r  condui t s  obeys 

P o i s e u i l l e ' s  law, which can be vl r i t ten:  

where: 

q = flowrate of l i q u i d ,  cm 3 /sec 

r = i n s i d e  r a d i u s  of c a ? i l l a r y ,  cm 

(Qp = p r e s s w e  drop a c r o s s  c a p i l l a r y ,  dynes/cm 2 

= l i q u i d  v i s c o s i t y ,  po i se s  

L = leogt;? of c a p i l l a r y ,  cm 

A more conveniect  TO-~3. o f  P o i s e u i l l e ' s  law is: 

-7 * .  
where .; I s  i n  :z2,/ssc., r and L i n  inches ,  

Viscosl-,;- c a  5s c a l c u l a t e d  by measuring t h e  flow rate  and 

hD i n  p s i .  

Because t h e  i n s i d e  ciiameter of  t he  c a p i l l a r y  coulc! n o t  
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be measured e x a c t l y ,  and because t h e  f e r r u l e s  t h a t  made t h e  

seal  a t  bo th  ends of  t h e  c a p i l l a r y  s l i g h t l y  reduced t h e  in-  

side diameter ,  a c a l i b r a t i o n  o f  t h e  appara tus  vias necessary.  
Mineral  o i l .  No.15 was used as a c a l i b r a t i n g  liquid a t  room 

temperature,  because t h r e e  independent measurements y ie lded  t h e  

same va lue  of o i l  v i s c o s i t y  a t  room temperature  (Ostwald visco-  

meter,  Brookf ie ld  e l ec t rov i scomete r ,  and Davicisonls ( 1 9 )  data)  

namely: 

p = 158 c p  a t  T = 73OF. 

With t h i s  va lue  o f  t h e  v i s c o s i t y ,  i t  w a s  found t h a t :  

( 3 )  p = 0.05194 4 2  

which y i e l d s ,  by comparison wi th  Eq.2a, an e f f e c t i v e  i n s i d e  

diameter  of  0.03256 i n .  

appara tus  a t  73OF'. 

must be made t o  t h e  dimensions of t h e  c a p i l l a r y  tube,  due t o  

thermal  e x p a n s b z .  

Eq.3 is  t h e  working equa t ion  f o r  t h e  

A t  h igher  temperatures,  a small c o r r e c t i o n  

The l i n e a -  c o e f f i c i e n t  o f , t h e r m a l  expansion f o r  316 s t a i n-  

l e s s  s t e e l  was Tonrrci i n  Ref. ( 3 5  ) as  B = 8.9 x in/ ingF,  

There f s re ,  I F . 3  7 3 - 2 -  ____- Lh of t h e  tube a t  a temperature T is: - 

i4 4 + B (T -73) rT = r73 



Therefore  : 

Because t h e  va lue  of B is small, t h e  preceding equa t ion  can be 

approximated by: 

4 4 
r~ - 2 [ i + 313 ( T  - 7311 
-7 - L73 

Therefore ,  t h e  working equat ion f o r  t h e  appara tus  a t  any 

temperature  i s :  

Eq. 4 was used f o r  c a l c u l a t i n g  t h e  v i s c o s i t y  o f W h i t e M i n e r a l O i l  

No.15 a t  s e v e r a l  t e a p e r a t u r e s  ranging  from 73OF t o  300 F and 

under a n  average p re s su re  o f  about 200 p s i ,  i n  o r d e r  t o  have 

0 

n e a r l y  th? s a x  ~ ? r = . s s - z e  and temperature cond i t i ons  as f o r  

t h e  o i l  ~ , e r z l e a ' s l L l ~ ~ i n e a s ~ e m e n t s .  'the Reynolas numbers f o r  

t h e s e  ex2erLzsc's razge2 from 0.3 t o  25, and because t h e  
Q"c\ 

L , U + W ,  t h e  flow vias a1v;ays viscous .  fL.,.AG is - -_.. 7 .. - 

The 2a;a acP reszlts obta ined  are presented i n  Table I and 
-. p l o t t e d  92 ~ : 5 . 7 .  

data pu'c'lisked by Zavidson ("I was found. 

As can be seen,  c l o s e  agreement iv i th  t h e  
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V. ANALYSIS OF RESULTS AND DISCUSSION 

1, WATER FLOW 

The first series of experiments was conducted wi th  water 

saturated cores. Because t h e  primary ob jec t ive  was t o  i s o l a t e  

temperature as a f a c t o r  i n f luenc ing  permeabi l i ty ,  conf in ing  

p re s su re  was first held  a t  a cons t an t  value w h i l e  temperature 

was var ied ,  Then, i n  a seconci s e r i e s  of  runs both temperature 

and conf in ing  pressure  were va r i ed  and t h e i r  combined e f f e c t  on 

permeabi l i ty  was observed. Whenever changes i n  t h e  flow prop- 

e r t i e s  were ev iden t ,  r e v e r s i b i l i t y  of t h e  phenomena observed 

was s tud ied ,  i n  ar. at tempt  t o  s tudy  any poss ib le  hys t e r e s i s ,  

A. E F E S T  O? TDIPERATURE ON PERMEABILITY AT MODERATE, 

CONST-?lr.iZ' CONFINING PRESSURE 

A. E F E S T  O? TDIPERATURE ON PERMEABILITY AT MODERATE- 

CONST-?lr.iZ' CONFINING PRESSURE 

A c o n s t z t  coz f in ing  pressure  of 2,000 p s i  was he l a  on 

t h e  sazzles is t h i s  prel iminary inves t iga t ion .  Resu l t s  f o r  a 

Boisc z z ~ G s t 0 3 e  two Berea sancistones are shown i n  Figs.9, 

10 Ezc 1; ;  - * - --  izw3 are a l l  similar, and show an important  perme- 

abllik:.? r e k i c z i o n  a t  high temperature. Between room tempera- 

t u r e  E C ~  3(3G3s;' ti12 o r i g i n a l  permeabi l i ty  decreased by 62% f o r  

tht? E o l s e  c e r e  50.7, 43% f o r  the  Berea co re  No.12 and 39% f o r  

t h e  %=sa c o r e  No,lS. These t h r e e  co re s  had been f i r e d  once 

only azG stcr9;i i n  u i s t i l l e d  water f o r  s e v e r a l  months p r i o r  

i 

L 

i 
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t o  these  runs, whereas a l l  t h e  o the r  samples used i n  t h i s  

work were f i r e d  a second time and s t o r e d  i n  d i s t i l l e d  water 

f o r  a few days only. 

The preceding r e s u l t s  agree  q u a l i t a t i v e l y  w i t h  previous 

f ind ings  o f  Weinbrandt ( 1 )  who repor ted  as much as 60% re-  

duct ion i n  abso lu te  permeabi l i ty  t o  water between room 

temperature and 175'F, and of  Greenberg, e t  al. (5) who 

found as much as 20% reduct ion  i n  some c a s e s  between 80°F 

and 140°F, f o r  a r t i f i c i a l l y  consol ida ted  cores .  

be noted t h a t  Greenberg, e t  al. found no changes i n  permea- 

, 

It should 

b i l i t y  i n  s e v e r a l  caseLs and an inc rease  i n  two cases .  

A f  inogenov ( 6 )  used o i l  t o  measure permeabi l i ty  and a l s o  

found a decrease i n  permeabi l i ty  (up  t o  95%) betv  reen room 

temperature and 200°F. 

s i b l e  r educ t ion  i n  t h e  open spaces of t h e  pores n i t h  increas-  

i n g  temperatrt-e, o r  t o  a change i n  the  physicochemical prop- 

e r t i e s  of t h e  liquid as i t  r e a c t s  wi th  t h e  rock minerals  w i t h  

r i s i n g  temprat-=e.  

He a t t r i b u t e d  this change t o  a pos- 

Greenberg a t t r i b u t e u  the changed t o  micro- 

s t r u c t u r a l  r e a x a o g e n e n t s  i n  t h e  matrix geometry. 

3ecauss cf  $51 l a c k  of cons is tency  of  the  published works 

frm -22=t,L: a q x a i i t a t i v e  and a q u a n t i t a t i v e  s tandpoin t ,  t h e r e  

is -..- I_.,: 

o S s e , - r x  cecrza3e i n  abso lu te  permeabi l i ty  wi th  temperature 

i n c r e a s e  w a s  cue t o  purely mechanical a c t i o n ,  o r  t o  rock- f lu id  

i n t e = a c t f m  a t  t h e  s u r f a c e  of t h e  rock, o r  even t o  a combination 

of  bot5 effects .  

l o s r h g  sectiorrs by analyz ing  the  ciata obtained w i t h  s a t u r a t i n g  

;zc:3gb 3 e i e n c e  a t  t h i s  p o i n t  t o  aec ide  whether the  
~. 

Audit ional  c l u e s  w i l l  be provided i n  the  fo l -  t 



f l u i d s  o t h e r  than water a t  var ious  conf in ing  pressure  l e v e l s .  

B. 

The 

COMBINED EFFECT OF TEMPERATIIRE -U?D OVERBURDE2sI 

PRESSURE 

value o f  2,000 p s i  f o r  t h e  conf in ing  prcssure  t h a t  

cha rac t e r i zed  t h e  r e s u l t s  of  t he  previous s ec t ion ,  ?.vas con- 

s i u e r e d  t o  be on ly  "mouerately high", even though i t  i s  rep-  

r e s e n t a t i v e  of  a c t u a l  r e s e r v o i r  condi t ions  and has been com- 

monly used i n  l a b o r a t o r y  work on flow p r o p e r t i e s  of  rocks. 

However, much higher  va lues  (up  t o  15,000 o r  20,000 p s i )  have 
(6,8,11) been used by o t h e r  i n v e s t i g a t o r s  i n  somewhat similar work 0 

The equipment used i n  t he  vork repor tcd  here  is  r a t e a  a t  5,000 

p s i  at  3T0°F s a f e l y ,  b u t  a maximum o f  4,000 p s i  and 300°F vas 

a c t u a l l y  used, and ?roved t o  be s u f f i c i e n t l y  high f o r  y i e l d i n g  

s i g n i f i c a n t  data i n  xiiost cases. 

For t h e  Berea core  No.17, the  e f f e c t  of temperature on 

permeabi l i ty  was ir--cestigated a t  var ious  l e v e l s  of overburden 

pressure ,  r a n g i q  f x m  450 t o  4,000 p s i .  The n e t  conf in ing  

pressure ,  2 z f i n o e  3s (Absolute Overburden Pressure  - 0.85 x 

Pore P T O E S T ~ ) )  393 z.So=it 160 p s i  l oxe r  than t h e  overburden 
-_ pres su r t ,  ' _ _ _ _  - 0  wu&----gg - . p y * 4 * ;  pressure  v;as c a r e f u l l y  maintained a t  

each L = E ~ Z . = ~ ~ . C  13-jo: Tzkile hea t ing  up. The r e s u l t s  are pres- 

en tea  II :ZZ.IL E C ~  Table 9. They are similar t o  those  pres-  

e n t s c  ill r i s l . , t  '2 3 73 a116 11 i n  t ha t  abso lu t e  pe rmeab i l i t i e s  

c o n s i s t e z t l y  23crease ii-ith i n c r e a s i n g  temperature;  bu t  t h e  

curves  oStair,%e Z L ~  concave down, whereas they were concave 

~ . - . .- 
- 
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up for t h e  first r e s u l t s ,  

been caused by the  a d d i t i o n a l  f i r i n g  c y c l e  t o  v;hich t h e  Berea 

co re  No,l7 was subjec ted ,  o r  perhaps simply by the na tu re  of 

t h e  co re  i t s e l f .  

T h i s  d i f f e r e n c e  i n  shape may have 

Fur ther  examination of Fig.12 shows t h a t  t h e  e f f e c t  of  

temperature is  a l so  a funct ion  of the  overburden Frcssure.  

A t  t h e  low conf in ing  pressure  of  450 p s i  t h e  percent  decrease 

i n  permeabi l i ty  over t h e  e n t i r e  temperature span i s  l e s s  than 

3%, whereas t h e  decrease i n  permeabi l i ty  is  almost 27% a t  

4,000 p s i  conf in ing  pressure.  

vs. conf in ing  pressure  has  been graphed i n  Fig.13. It appears  

t h a t  t h e  phenomenons causing t h e  permeabi l i ty  r educ t ion  a t  

high temperature and moderate conf in ing  pressure ,  whether 

mechanical o r  physicochemical i n  na ture ,  i s  i n t e n s i f i e d  by 

t h e  e f f e c t  of overburden pressure ,  Clear ly ,  mechanical s t r e s-  

ses p lay  an im?_ortazt r o l e  i n  t h e  .phenomenon observed. 

f u r t h e r  reducicg  t h e  Dore openings, mechanical s t r e s s e s  ac- 

cen tua te  the  e f f e c t  of  thermally- induced mechanical stresses. 

The percent  decrease a t  300°F 

By 

The r e s u l t s  a t  l o a  values  of t h e  conf in ing  p ressu re  suggest  

t h a t  %?erzal s + - D - - ~  ---.aa-s a c t i n g  a lone  m y  n o t  cause s i g n i f i c a n t  

chmgps  i n  tke zsnf igxra t ion  of t h e  pores and hence i n  perme- 

abiliy-* 3a-L-1 A dA--a=.s i n  t h e  absence of e x t e r n a l  s t r e s s e s ,  the 

rock ~;a-,=.Lx exp3d.5 f r e e l y  under t h e  a c t i o n  o f  thermal s t r e s -  

s e s  a i t k x t  ap2rec iaSle  changes i n  t h e  shape of  t h e  pores. 

But ic t h e  presecce  of high overburden Fressure ,  l a r g e  ex- 

t e r n a l  f o r c e s  on the rock matrix w i l l  tend t o  augment t h e  

i n t e r n a l  s t r e s s e s ,  and may cause the  formation of " t i g h t  necks", 
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t hus  decreas ing  permeabili ty.  This observa t ion  a l s o  impl ies  

t h a t  t h e  i n i t i a l  cond i t ion  of  t h e  rock i s  determining as f a r  

as t h e  n a t u r e  of the  changes t o  be expected and the  magnitude 

of these  changes. The term l ' i n i t i a l  condition!' mainly r e f e r s  

here  t o  t h e  e f f e c t i v e  average pore s i ze  of t h e  rock  a t  room 

temperature and low conf in ing  Fressure,  i.e., t h e  average 

pore s i z e  ava i lab le  f o r  flow before  any s t r e s s e s  are  supplied.  

Moreover, i t  i s  reasonable  t o  be l i eve  t h a t  t h e  onse t  of  t h e  

temperature dependence mill only be observed a f t e r  t h e  rock  

has been sub jec ted  t o  a "minimum l e v e l  of s t r e s s" ,  def ined  

by a combination - no t  n e c e s s a r i l y  unique - of  mechanical and 

thermal s t r e s s e s .  

n o t  be unique i s  suggested by t h e  analogy between thermal and 

mechanical s tresses.  

The p o s s i b i l i t y  t h a t  t h i s  combination may 

The minimum l e v e l  o f  stress obviously depends on the  

i n i t i a l  cond i t io?  of the  rock as previous ly  defined,  which i n  

t u r n  i s  a f u n c t i o z  of t h e  na tu re  of t h e  rock and, as w i l l  be 

seen later ,  of tie. f l u i d  floc-ing through it. The d i f fe rence  

of magzitude ir, t h e  changes observeti w i th  t h e  Boise and Berea 

sands tozss  sabsca-tiate t h i s  theory,  A t  the  l i m i t ,  one would 

expect c e r t z i z  tz~es D f  co res  t o  exh ib i t  no temperature depen- 

denco =;s6^tl- sr\zCitisns similar t o  those previous ly  describeu. 

('') show t h a t  aqueous perme- AXIC ~ x : ~ s ~ i  r~ .s= l l zs  f rom Arihara 

ab i l i zy  2: c_?, i?z:Lficially consol ida ted  core  under r e l a t i v e l y  

low ccnl"Lnkg 9,ressare d i d  n o t  change as temperature increased  

from 75 t o  3OC)%', s h i c h  i n d i c a t e s  t h a t  t h e  minimum l e v e l  of 

stress ?-ad n o t  been  reached. The large changes r epor ted  by 

. -  

- i  
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Afinogenov ( 6 ) ,  on t h e  o t h e r  h a d ,  seem t o  i n d i c a t e  t h a t  t h e  

minimum l e v e l  of s t r e s s  had a l r eady  been exceeded a t  i n i t i a l  

condi t ions .  

C. HYSTERESIS 

Because por t ions  o f  t h e  changes i n  permeabi l i ty  observed 

were probably caused t o  some e x t e n t  by micro- reorganizat ion of 

the  matrix s t r u c t u r e ,  6ome degree of  h y s t e r e s i s  was t o  be ex- 

pected, 

s tud ied ,  t h e  mechanical s t r e s s e s  were moderate enough f o r  t h e  

deformations t o  be e s s e n t i a l l y  e l a s t i c .  

va lues  of both mechanical and thermal s t r e s s e s  d i d  p l a s t i c  

(pormanent) deformations occur t o  a s i g n i f i c a n t  degree. 

However, i t  mas found t h a t  i n  most of  t h e  cases  

Only a t  t h e  higher  

An easy check on whether or  n o t  permanent deformations 

had. occurred tl’as .performed by re-measuring t h e  room temperature 

permeabi l i ty  a f t s r  al lowing the  system t o  cool. 

hea t ing  c y c l e  t h e  permanent reduct ion  i n  permeabi l i ty  was typ- 

i c a l l y  1 t o  3--; at  lo:^ t o  moderate va lues  of  t h e  conf in ing  pres-  

After  t h e  

s u r e ,  iig.11 ?. shows a t y p i c a l  increasing- decreasing temperature 

r u n  f o r  t h  5-ezs.a core  No,16. A s  can be seen t h e  r e s u l t s  show 

2 szal l  7 e x a e n t  change and were e s s e n t i a l l y  r e v e r s i b l e .  

-:- s2escral i z 7 e s t i g a t i o n  of h y s t e r e s i s  was made wi th  t h e  

C X P  X0,2. Fig.14 shoas  the  e f f e c t  of temperature a t  700 

p s i  zcc 3,700 p i  n e t  conf in ing  pressure ,  r e spec t ive ly .  

cases, TOOL? t m p r r a t u r e  permeabi l i ty  fol lowing t h e  hea t ing  cy- 

c l e  was m.as -ue5  and is shown on t h e  same graph, 

a 3% p e r n a x z t  loss i n  permeabi l i ty  at loa conf in ing  pressure ,  

I n  both 

There was only  



whereas t h e r e  was almost a 20% decrease a t  high conf in ing  

pressure ,  A t  this high value of the conf in ing  pressure ,  

t h e  core  was then sub jec ted  t o  four  ac?d.itional hea t ing  and 

cool ing  cyc les ,  between room t e m e r a t u r e  anc! 300°F, 

r e s u l t s  of t h i s  s e r i e s  of runs  a r e  presented i n  Table 2,App.A. 

I t  appears  t h a t  a large permanent drop i n  permeability(2056) 

happened ciuring t h e  first cycle ,  During t h e  fol lowing cy- 

c l e s ,  t h e  percentage of retaineci permeabi l i ty  l o s s  a t  room 

temTerature vias of t h e  same o rde r  of magnitude, 2 t o  3?<, 

The percentage of permeabi l i ty  reduct ion  due t o  thermal 

s t r e s s e s  appears  t o  be reasonably coristant from cycle  t o  

cycle ,  ana t h e  value of 24 t o  456 ,  even though smal le r  than 

the  value obta ineo  w i t h  Boise core  NO,^, i n d i c a t e s  a d e f i n i t e  

temperature depen2ence. 

The 

D. EFFECT G? COX3 FIRING TELvIlJERATURE 

I n  an a t t e r q t  t o  r e p o d u c e  t h e  r e s u l t s  presented i n  

sub- sect ion A f c r  t -2  3o i se  core  No.7, and t o  extend them 

t o  various co2finizg pressure l e v e l s ,  t h i s  core was e x t r a c t e d  

and placed io t lze k x a c e  f o r  i g n i t i o n ,  according t o  t h e  pro- 

g r m  tka-; :;‘as ?5.sc=:‘st& i n  Sec t ion  IV-1 on Core Preparat ion.  

B u t  t?: 3 ~ ~ ~ 1 2  -:;Es a c c i d e n t a l l y  heated f o r  s e v e r a l  hours a t  

tem-p”=--,--.f t.- r A V ~ r  m - 0  t o  1,400°F (76OoC), i , e , ,  a t  a temperature 

917) Somerton, e t  al, vrell  ir. 2;;csess 9: the recommended ~ O O ~ C .  

shovjed Ckq+ + a i +  - - s a c s t o n e s  t o  temperatures i n  this range 

can cazse  enough s t r u c t u r a l  damage t o  double t h e  o r i g i n a l  

permeabi l i ty ,  r e s u l t s  were obta inea  v i t h  Bandera, 

f 
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Berea and S t ,  P e t e r  sandstones r e spec t ive ly ,  By analogy, 

similar behavior should be expected with Boise sandstone,  

and, indeed, t h e  aqueous permeabi l i ty  of t h e  Boise core  

No.? a f t e r  i g n i t i o n  a t  76OoC was found t o  be 1852 md a t  

room temperature and 2,000 p s i  conf in ing  pressure.  

i s  39% l a r g e r  than t h e  permeabi l i ty  measured under t h e  

same cond i t ions  a f t e r  i g n i t i o n  a t  only 500°C ( s e e  Fig.9). 

T h i s  

The important  po in t  is  t h a t  this change i n  t h e  ini- 

t i a l  f i r i n g  t reatment  o f  t h i s  co re  d r a s t i c a l l y  changed 

i ts  high temperature behavior. The combined e f f e c t  of 

thermal and mechanical s t r e s s e s  was i n v e s t i g a t e d  i n  t h e  

ranges  70-210°F temperature and 1,000-~,000 p s i  conf in ing  

pressure.  The r e s u l t s  are shown i n  Fig.15. The percent-  

age of permeabi l i ty  reduct ion  never exceeded 3 t o  476, as 

opposed t o  a reductiozl of approximately 50% f o r  t h e  same 

temperature s p a  h f o r e  thermal a l t e r a t i o n  had occurred 

( see  Fig.g). 

These  i n t e r s s t i n g  r e s u l t s  i n d i c a t e  t h a t  t h e  i n i t i a l  

f i r i n g  of t h e  c x e  may be even more important  i n  t h e  

temperat-ze ds .= tzeexe  of permeabi l i ty  than t h e  combination 

of  th?s rza i  a2.i = s c ? A c a l  s t r e s s e s .  

A d e t a L e c  ar-ai;;sis of  the f a c t o r s  in f luenc ing  t h e  i n i t i a l  

conciitl2:z C Z  tS; saze w i l l  be presented i n  Section V.4, 

But f irst  t 3 e  i e s - z f t s  of  t h e  experiments conducted w i t h  

f l u i d s  o tS? r  t k a  water will be presented i n  Sections V.2. 

and V.3. 

- .  
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2. GAS FLOW DATA 

I n  t h e  l i g h t  o f  t h e  r e s u l t s  obta ined with  water flow, 

the  specu la t ion  was o r i g i n a l l y  made t h a t  thermally- induced 

mechanical s t resses  were t h e  main cause f o r  t h e  permeabi l i ty  

decrease  a t  high temperatures,  and t h a t  t h e r e  might be an 

apparent  po ros i ty  r educ t ion  accompanied by some k ind  of 

f l u i d  entrapment. A s  a r e s u l t  o f  t h i s  specula t ion ,  gas  

flow experiments were o r i g i n a l l y  designed t o  permit detec-  

t i o n  of t h e  ex i s t ence  of  p o t e n t i a l  entrapment, and hope fu l ly  

measure t h e  amount of  f l u i d  entrapped. The method was t o  

flow an i n e r t  gas ( such  as n i t rogen )  through t h e  rock  sample, 

and e l e v a t e  t h e  temperature,  perhaps causing entrapment of  

some of  t h e  n i t rogen  wi th in  t h e  rock. Then another  i n e r t  

gas,  u., helium, would be allowed t o  flov! f o r  some time. 

Then flow would be stoFped and t h e  system would be allowed 

t o  c o o l  down. F i c a l l y ,  resumption o f  helium flow should 

sweep o u t  any r~Ltro,csn entrapped a t  high temperature, 

n i t rogen  y i O u l 6  ba Sietected by continuous a n a l y s i s  of t h e  

e f f l u e n t  gas, A gas ana lyzer  having an extremely s e n s i t i v e  

t h e m a 1  c o ~ i ~ ~ c c i ~ i t y  c e l l  was s e l e c t e d  f o r  t h a t  purpose, 

The 

T’kz fi_nst s3ries of  gas flow experiments was conductea 
- 1  on the  rasaera 50.29 core  a t  a cons tan t  conf in ing  pressure  

of  2,30C ?si, %tai ls  on the  a n a l y s i s  of gas flow d a t a  are 

given i n  Apper,cfx 5 ,  Apparent pe rmeab i l i t i e s  were measured 



with  n i t rogen  under condi t ions  of v iscous  flow at  f i v e  d i f -  

f e r e n t  temperatures and graphed. as a funct ion of  t h e  r ec ip-  

r o c a l  mean pressure  on a conventional  Klinkenberg graph. 

Fig.16 shows t h a t  t h i s  r e s u l t e d  i n  f i v e  d i f f e r e n t  s t r a i g h t  

l i n e s ,  which i n t e r s e c t  t h e  i n f i n i t e  mean pressure  l i n e  

(-  = 0) a t  t h e  same value of 35 md. 

permeabi l i ty"  r e p r e s e n t s  t h e  fluici-independent a b s o l u t e  

permeabi l i ty  of  t h e  rock. Therefore,  according t o  Fig.16, 

t h e  abso lu t e  permeabi l i ty  of  t h e  Bandera N o 2 9  c o r e  remained 

cons t an t  a t  a l l  temperatures. 

1 
Pm T h i s  "ex t rapola ted  

S imi l a r  r e s u l t s  were obtained w i t h  t xo  more r o c k  samples. 

Fig.17 shows t h e  data obtained wi th  t h e  Berea co re  No.12, 

The conf in ing  pressure  was a l s o  2,000 p s i ,  ana the  extrap-  

o l a t e d  permeabi l i ty  showed a s l i g h t  i nc rease  from 141 t o  

143 md wi th  teapera ture .  

b i l i t y  i s  about 357; higher  than the  va lue  t h a t  was measured 

wi th  water a t  roc2 temperature und.er t h e  same conf in ing  pres-  

s u r e  ( s e e  Fig, i b , .  P o t e n t i a l  reasons  f o r  t h i s  d i f f e r e n c e  w i l l  

be given in Section V.4., ana w i l l  provicie a c l u e  as t o  t h e  

T h i s  value  of t h e  abso lu t e  permea- 

- Q '! 

cause o f  t e x 2 e r a ~ ~ a  having a d i f f e r e n t  e f f e c t  depending on 

t h e  I - ~ I L C  S a t  s a t x a t e s  t h e  rock. ..- . 

- _ - -  * -  . 1.3 SLSXS sirAlar r e s u l t s  f o r  the  Rerea core Mo,16. 

The czzf:z:zz - -  x-sssure  was on ly  600 psi, A cons t an t  extrap- 

O l a t E r  ncnr*l9---; d - - - a d - ~ z t y  - . of 133 mu :5'as measured a t  a l l  temperatures,  

I n  o r z t z  ta c k s k  t h e  r e s u l t s  obta ined 1Ath n i t rogen ,  t h e  

perzsaX. l i ty  or" t he  %rea core  No.16 was also measured wi th  

helium, a t  66'' under 600 p s i  o f  conf in ing  pressure ( s e e  Fig,lg), 

i 
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A Klinkenberg l i n e  o f  higher  s lope  r e s u l t e d ,  but  an extrap-  

o l a t e d  permeabi l i ty  of 132 md was obtained,  i.e., a value 

almost i d e n t i c a l  t o  t h a t  measured with ni t rogen.  

t h i s  value was s i g n i f i c a n t l y  higher  than t h e  corresponding 

Again, 

water Permeabi l i ty  of 114 md a t  room temperature and 2,000 p s i  

conf in ing  p ressu re  ( s e e  Fig,  11 1, 

conf in ing  p ressu re  a lone  cannot expla in  such a change i n  

permeabi l i ty  ( s e e  Fig.121, i t  may be concluded t h a t  rock- 

Because t h e  d i f f e r e n c e  i n  

f l u i d  i n t e r a c t i o n  i s  l a r g e l y  r e spons ib le  f o r  t h e  unique ther-  

m a l  behavior observed with t h e  water-saturateci Berea core  

No.16. This po in t  w i l l  be explored f u r t h e r  i n  Sec t ion  V.4. 

B. EFFECT OF TEKPERATURE ON THE KLINKENBERG SLIP FACTOR 

A d e f i n i t i o n  of t h e  Klinkenberg s l i p  factor "b" is given 

i n  Appendix B. Grapf?ically, b i s  e a s i l y  determined from t h e  

s l o p e  o f  t h e  s trziglat  l i n e s  obtained on convent ional  Klinkenberg 

graph6 (Figs.16, 17' and 18). 

I f  %ax is tiie &??went permeabi l i ty  ex t rapo la ted  t o  atmo- 

s p h e r i c  zeaa C~.SSSWP and ka3 t h e  permeabi l i ty  ex t rapo la ted  t o  

i n f i n i t p  i~123.n ~ r e s s - ~ - e ,  then  t h e  b f a c t o r  i s  given by: 

kmax - kco b, atm = 

I t  i s  ~ ; 3 ~ 3 = s l l y  acLkco-#ledged t h a t  b is a cons tant  f o r  a given 

porous a..*-27m '39', 

is only  t n e  a t  s given temperature, 

However, as i n d i c a t e d  i n  Appendix B, t h i s  

According to Eq, B-4 i n  
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Appendix B, be should be d i r e c t l y  p ropor t iona l  t o  temperature,  

The values of b were c a l c u l a t e d  from t h e  Klinkenberg s t r a i g h t  

l i n e s  f o r  Figs.16, 17 and 18, r e s p e c t i v e l y ,  converted into 

p i a ,  and graphed versus temperature ( i n  OR> on t h e  same 

graph ( se9  Fig.20). As can be seen, t h e  Klinkenberg s l i p  

f a c t o r  va r i ed  l i n e a r l y  wi th  temperature f o r  t h e  three rock  

samples s tudied .  However, t h e  d i r e c t  p r o u o r t i o n a l i t y  p r e d i c t e d  

by theory  was n o t  found, The room temperature va lues  of b a r e  

i n  good agreement wi th  t h e  fol lowing genera l  c o r r e l a t i o n  pro- 

posed by Jones (39) : 

The values measured experimental ly  and t h e  p r e d i c t e d  va lues  are 

shown i n  t h e  following t a b l e :  

k, b, p s i  b, p s i  

‘-Bandera Xo.EJ i 3 2.22 1-94 

1.70 1.15 

Core No. m& measured c o r r e l a t i o n  

! 
4 

i 
i 

lrLL I Berea 30.12 

i i 
1 

Berea :;2.15 3 5 3  1.10 1.19 
i 

>IJ!L?STS OF VISCO-INERTIAL FLOW DATA * 
4. 

% e r r o r  

-12 

-32 

+7 

Accordhg t o  t h e  methods descr ibe6  i n  Appendix B, two k i n d s  

When a l a r g e  amount of backpressure was of riata were obtained. 
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a p p l i e d ,  t h e  flov! was v i scous  and a Xlinkenberg s t r a i g h t  l i n e  

cou ld  be obta ined .  

t u r b u l e n t  flow vias i n i t i a t e d  and f o r  a g iven  mean p r e s s u r e  t h e  

p e r m e a b i l i t i e s  measured were much lower than  t h e  Klinkenberg 

p e r m e a b i l i t y  cor responding  t o  t h a t  p a r t i c u l a r  mean pressure .  

Fig.21 shows a t y p i c a l  s e t  of data f o r  t h e  Berea c o r e  No.16 

By g r a d u a l l y  r e l e a s i n g  t h e  backpressure ,  

a t  room tempera ture .  A l a r g e  number of  d a t a  p o i n t s  a r e  l o c a t e d  

i n  t h e  v i s c o- i n e r t i a l  reg ion .  These data p o i n t s ,  when analyzed 

i n  t h e  manner desc r ibed  i n  Appendix 15, r e s u l t  i n  a s t r a i g h t  

l i n e  on a modif ied v i s c o - i n e r t i a l  graph. The s l o p e  of t h i s  

s t r a i g h t  l i n e  i s  t h e  tu rbu lence  f a c t o r ( 3 ,  and t h e  i n t e r c e p t  

w i t h  t h e  Y-axis i s  t h e  r e c i p r o c a l  a b s o l u t e  permeabi l i ty .  I f  a 

good t r u n c a t i o n  of  v i s c o u s  and v i s c o - i n e r t i a l  data has been 

made, t h e  ahSolUte p e r m e a b i l i t y  r e s u l t i n g  from t h e  modified 

v i s c o- i n e r t i a l  graph should  a g r e e  w i t h  t h e  a b s o l u t e  permea- 

b i l i t y  from a cozven t iona l  Kl inkenberg graph. I n  t h e  c a s e  of  

Fig.22, f o r  h s t a n c e ,  t h e  value 131.9 md is i n  good agreement 

w i t h  t h e  va lue  133 nd ob ta ined  from t h e  Klinkenberg graph 

(Figs .  18 or 21). 

- --PI-! ,-1 
> %  5if,*zv- s i =  TDPERATURE ON TURBULENCE FACTOR 

.--k = Tv a - - ,- -.v 5 -___ u,dL.sS,, desc r ibed  i n  t h e  preceding  s e c t i o n  was ap- 

p l i e s  5; t ' ze  Zerea c o r e  No.16 a t  a l l  tempera tures  and four 

i c e s t i c z l  s t r a i g h t  l i n e s  r e s u l t e d .  Rather  than  showing four  

d i f f s r s n t  v i s c o - i n e r t i a l  graphs,  t h e  data f o r  a l l  tempera tures  

have 3 e e z  p l o t t e d  on t h e  same graph (Fig,Z3) and one can s e e  

that t h i s  y i e l d s  a s i n g l e  l i n e  of  s lope /3 = 9.0 x 107f to1  . 

i 

1 

j 
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The i n t e r c e p t  is: 

Therefore ,  t h e  tu rbu lence  f a c t o r  i s  independent  of temperature .  

Because c o r r e l a t i o n s  i n v o l v i n g  on ly  t h e  tu rbu lence  f a c t o r  and 

t h e  a b s o l u t e  p e r m e a b i l i t y  have been de r ived  (401, this r e s u l t  

was t o  be expec ted  from t h e  f a c t  t h a t  gas  p e r m e a b i l i t y  remained 

c o n s t a n t  a t  a l l  tempera tures .  The above va lue  of  (3 is i n  

e x c e l l e n t  agreement w i th  t h e  c o r r e l a t i o n  proposed i n  ref.40.  

! 

3 .  MINERAL OIL FLOW 

Because of t h e  d i f f e r e n c e  between t h e  r e s u l t s  ob ta ined  a t  

e l e v a t e d  t empera tu res  w i t h  wa te r- sa tu ra t ed  and gas- sa tu ra t ed  

c o r e s ,  i t  appeared necessa ry  t o  r u n  similar experiments  with 

a n o t h e r  fluid, Apart  from t h e  large v i s c o s i t y  and d e n s i t y  

d i f f e r e n c e s ,  aater  g r e a t l y  d i f f e r s  from gas i n  t h a t  it is  a 

nolar f l u i a  a 3 c k  may i n t e r a c t  wi th  t h e  r o c k  su r face .  

t o  f i n d  o u t  whether s u r f a c e  e f f e c t s  were s i g n i f i c a n t ,  Chevron 

White G I 1   NO.?^ -:;as chosen for its non- polar c h a r a c t e r i s t i c s ,  

Fig.5  koas tk=l Zinsity of this o i l  as a f u n c t i o n  of  tempera- 

I n  o r d e r  

t u  3 I -::>A: j c: I 7; -=.? - p r e s e n t s  its v i s c o s i t y  as a f u n c t i o n  of 

tm,srztare, 

* = T z p * T  
=L. - -1ui CY TZMPERATURE ON PERGABILITY AT PIODERATE, 

CWSTJ27 CONFINING PRESSURE 

I 

1 

! 

- a ic i la r  conci i t ions t o  t h e  water flow o r  gas flow experiments  
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were ob ta ined  by ho ld ing  a c o n f i n i n g  p r e s s u r e  of  2,000 p s i  

around t h e  cores .  

runs .  R e s u l t s  f o r  t h e  Berea c o r e  N0.14 are shoxn on Fig.24, 

and  r e s u l t s  f o r  t h e  Boise  c o r e  No-6 a r e  p re sen t ed  on Fig.25. 

A s  can be seen ,  a s l i g h t  i n c r e a s e  i n  a b s o l u t e  pe rmeab i l i t y  

vias observed,  fol lowed by a s l i g h t  decrease .  But t h e s e  

changes b a r e l y  exceeded t h e  range  o f  exper imenta l  e r r o r .  

h o r i z o n t a l  l i n e  cou ld  have been drawn through t h e  data poin t s .  

I n  o t h e r  words no s i g n i f i c a n t  change i n  a b s o l u t e  pe rmeab i l i t y  

t o  o i l  was observed vrith e i t h e r  t h e  Berea o r  t h e  Boise sanci- 

s t o n e ,  The p e r m e a b i l i t y  o f  the  Boise c o r e  N0.6 was found 

t o  be approximately  2,500 me. For t h e  same sample with water 

flow, Weinbranat ( '  ) r e p o r t e d  a decrease  from 1,830 t o  695 md 

between 80°F and l75OF. 

t h e  a b s o l u t e  p e r m a b i l i t y  a t  room temperature  was s i g n i f i c a n t l y  

lower (27%) f o r  t h e  viater s a t u r a t e d  co re  than  i t  was f o r  t h e  

o i l - s a t u r a t e d  COT?. The same obse rva t ion  had been made e a r l i e r  

for t h e  gas  and ;;.a%.r p e r m e a b i l i t i e s  of t h e  Berea  co re  No.16 

and Berea c o r e  3;0.!2, 

t h e  pe r zeab i i i t g  r e c h c t i o n  of  t h e  wa te r- sa tu ra t ed  c o r e s  a t  room 

temperat-Lre zay .-lso 2 s  r e s p o n s i b l e  f o r  t he  pe rmeab i l i t y  reduc- 

t i o n  af :LZZ - teysra:cres. 

Tr!o c o r e s  were used i n  t h i s  s e r i e s  of 

A 

Again, i t  is i n t e r e s t i n g  t o  n o t e  t h a t  

T h i s  s u g g e s t s  t h a t  t he  phenomenon caus ing  

- 3 .  

3. 

Thosgk t n a  Frev ious  exper imenta l  r e s u l t s  gave no i n d i c a t i o n  

S2SIFE2 Z ? X T  OF TEMPERATURE AND OVERBURDEX PRESSURE 

t h a t  absol:te permeability t o  oil would decrease  with i n c r e a s i n g  

i 
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t empera ture ,  a s e r i e s  o f  s i m i l a r  exper iments  was conducted 

on t h e  Boise  c o r e  No.3 a t  var ious  l e v e l s  of c o n f i n g  pressure .  

R e s u l t s  a r e  shown on Fig.26. It is seen t h a t  a b s o l u t e  perrne- 

a b i l i t y  was a f f e c t e d  by c o n f i n i n g  p re s su re ,  as expected,  b u t  

t o  a lesser  degree  by temperature ,  

t o  o i l  a c t u a l l y  i n c r e a s e s  w i t h  i n c r e a s i n g  tempera ture  c o n t r a r y  

t o  t h e  water r e s u l t  and prev ious  lack of e f f e c t  w i th  o i l  shown 

i n  Figs.24 ana 25. For t h e  wa te r- sa tu ra t ed  c o r e s ,  t he  maximum 

tempera ture  dependence was observed a t  t h e  maximum value o f  

c o n f i n i n g  p r e s s u r e ,  i-e., 4,000 ps i .  

a t  such  a h igh  c o n f i n i n g  p re s su re ,  thermal  s t r e s s e s  were n o t  

s u f f i c i e n t  t o  r educe  t h e  pe rmeab i l i t y  of t h e  o i l  s a t u r a t e d  

core .  

be r e s p o n s i b l e  f o r  t h a t  behavior.  

t h a t  t h e  i n c r e a s e  i s  l e s s  a t  h igher  c o n f i n i n g  p re s su re .  

essence ,  t h i s  i s  t h e  same t r e n d  t h a t  we observed for aqueous 

pe rmeab i l i t y .  

The a b s o l u t e  p e r m e a b i l i t y  

Fig.26 shows t h a t ,  even 

The absence of  rock f l u i d  i n t e r a c t i o n  is b e l i e v e d  t o  

It is  i n t e r e s t i n g ,  though, 

I n  

4. INTZRRPREThiE5Y OF THE F L U I D  DEPETJDENCE: CLAY-WATER 

- kecaxse  Z C S ~  r e s e r v o i r  r o c k s  a r e  be l i eved  t o  be water-wet, 

wate r  kss k e s c  a iCc ly  used i n  l a b o r a t o r y  work t o  measure t h e  

fl9;;- --.--o.n-- I .  v,-a a- o l  rocks .  Flov of water  through porous media 

i s  0;’ zs;or i q o r t a n c e  in many f i e l d s ,  such  as ground water 

h y d r c l e g ,  soil s c i e n c e ,  r e s e r v o i r  eng ineer ing ,  geothermal 

r e s e r x L r 6 ,  e t c .  

e r i n g ,  s z e c i a l  i n t e r e s t  i n  t h e  f low of water  through porous 

In the p a r t i c u l a r  f i e l d  o f  r e s e r v o i r  engine-  

1 
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media i s  genera ted  by many engineer ing  a s p e c t s  o f  o i l  produc- 

t i o n ,  such as water  d r ive ,  ho t  o r  co ld  water i n j e c t i o n ,  steam 

drive, coning phenomena, producing water- oi l  ra t io ,  and many 

o t h e r  matters. Therefore,  i t  is e s s e n t i a l  t o  know t h e  abso- 

l u t e  pe rmeab i l i ty  t o  water of t h e  rock  considered,  ana i n  

many cases ,  t h e  e f f e c t  of temperature and p ressu re  on t h i s  

permeabi l i ty .  

However, i t  has  long been recognized t h a t  water is n o t  a 

t y p i c a l  l i q u i d .  

de terminat ion  of  a b s o l u t e  permeabi l i ty  of  water- sa tura ted  c o r e s  

i s  t h a t  of  c l a y  swel l ing .  

depends upon t h e  k ind  and t h e  amount of c l a y  minera ls  p r e s e n t  

wi th in  t h e  rock. For i n s t a n c e ,  montmori l loni te ,  i l l i t e ,  ha l -  

l o y s i t e  and k a o l i n i t e  a r e  four  d i f f e r e n t  types  of c l a y  and t h e  

amount of  svrelliog t h a t  they  e x h i b i t  decreases  i n  t h e  o rde r  i n  

which they  -&ere l i s t e d .  

The problem most commonly encountered i n  t h e  

The absorp t ion  of  water by c l a y  

Appendix C shows t h e  t y p i c a l  mine ra log ica l  composition o f  

Boise,  Banders, a d  Berea sandstones.  These three types  o f  

rocks  c o n t a i n  zL+.%, 21.2% and 19.0% of  k a o l i n i t e  and matrix, 

res22ctire;-T. 

may n z y  fmr! s ~ t  s m p l e  t o  another  b u t  do provide an o rde r  

7 3 e s a  f i g u r e s ,  publ ished by Somerton, et.al. ( 2 9 )  -u 

o f  z z r - L t t ~ i t  5 2 ~  t h s  amount of  c l a y  t h a t  one would expect  t o  

f i z i  a t h e s 2  rcxks, A s  mentioned ear l ier ,  k a o l i n i t e  is n o t  

a .kigkL;- s x e l l h g  c lay ,  as compared t o  montmori l loni te  f o r  

i n s t a z s e .  

7---Lb -,Ab.,e,,,,,, ?.vn-o t h e  cores used i n  t h i s  work were f i r e d  a t  a 

a t e a g e r a t u r e  o f  91+O°F, which i s  g e n e r a l l y  acknowledged t o  
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ox id ize  any organic  matter and t o  d e a c t i v a t e  s w e l l i n g  clay.  

Accoraing t o  G r i m  ( 3 0 ) ,  who presented  a genera l  d i s c u s s i o n  

of  t h e  f i r i n g  pro ;ser t ies  of var ious  c l a y  minera ls ,  tempera- 

t u r e s  on t h e  o rde r  of 100 t o  30O0C cause t h e  loss of  t h e  

a b i l i t y  t o  s w e l l  again.  

r e l a t e d  t o  the  complete l o s s  of i n t e r l a y e r  water ;  t h e ,  

h e a t i n g  must be cont inued a t  t h e  r e q u i r e d  temperature  f o r  

a cons ide rab le  time, if t h e  permanent l o s s  of  s w e l l i n g  i s  

des i r ed ,  A s  a r e s u l t ,  one would expect  r epea ted  f i r i n g  

c y c l e s  t o  have a cumulative e f f e c t  on t h e  d e a c t i v a t i o n  o f  

c l ay ,  e s p e c i a l l y  if t h e  swe l l ing  a b i l i t y  i s  n o t  t o t a l l y  

e l imina ted  by t h e  first cycles .  

The l o s s  of swe l l ing  p o t e n t i a l  is 

Comparison of  t h e  permea- 

b i l i t y  va lues  obta ined  by Weinbrandt ( ' )  (1,800 md f o r  t h e  

Boise co re  No.6 and 1,620 md f o r  t h e  Boise c o r e  No.2) wi th  

t h e  va lues  f o r  t h e  same c o r e s  obta ined  i n  this work (2,500 

nc! f o r  t h e  Boise c a r e  No.6 and 2,200 md f o r  the  Boise c o r e  

No.2) do suppor t  t3is conclusion. 

t o  95OoF f o r  mor? $ h a  f i v e  hours p r i o r  t o  t h e  runs cor res-  

ponding t o  Fig.s 14 and 25, 

caused a s ip- i f icazt  i x z r e a s e  i n  permeabi l i ty  a t  room 

tenpera>.zz z t  a zezac t ion  of t he  temperature dependence. 

But tho ; s r a z a b i l l z y  of t h e  water- sa tura ted  Boise co re  No.2 

s t i i i  t e c reso t c i xa l z l i  i n c r e a s i n g  temperature,  whereas t h e  

permez-+--;*y Y--- " G: $;?,e ~ i l  s a t u r a t e d  Boise co re  No.6 mmainea 

reasomSlg- conacazt  a t  a l l  temperatures.  

Both c o r e s  were hea ted  

Th i s  adc i i t ional  h e a t i n g  c y c l e  

I n  c r S ? r  t o  xci-erstand t h e  phys ica l  phenomena re spons ib le  

f o r  these  mposite e f f e c t s ,  we must t ake  a c l o s e r  look at t h e  

a c t u a l  rock- f lu id  i n t e r a c t i o n  t a k i n g  p lace  a t  t h e  s u r f a c e  of  
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t h e  rock. F i r s t  of a l l ,  i t  i s  important  t o  r e a l i z e  t h a t  t h e  

key t o  t h e  s u r f a c e  e f f e c t s  consiciered here  i s  the unique 

s t r u c t u r e  o f  t h e  water molecule. The hydrogzn atoms are 

deeply imbeddeci i n  t h e  oxygen atom s o  t h a t  t h e  molecule i s  

approximately s p h e r i c a l .  Its r a u i u s  i s  only  s l i g h t l y  g r e a t e r  

than  t h a t  o f  t h e  oxygen ion ,  Tne bond angle  betwecn the l i n e s  

j o i n i n g  t h e  hydrogen n u c l e i  t o  t h e  c e n t e r  of  t h e  oxygen atom 

i s  105'. This s t r u c t u r e  r e s u l t s  i n  a very uneven d i s t r i b u t i o n  

o f  charges  i n  t h e  molecule. An excesc of  p o s i t i v e  cha rges  

appears  a t  o r  b e t m e n  t h e  pro tons ,  and t h e  oppos i t e  s i a e  of 

t h e  molecule is  n e g a t i v e l y  charged. Thus t h e  vrater molecule 

is a d i p o l e ,  and t h i s  po la r  c h a r a c t e r  c o n s t i t u t e s  the  key t o  

i ts  unique p r o p e r t i e s .  The oxygen a t o m  i n  the  clay- mineral  

s u r f a c e  a r e  d e f i n i t e l y  organized and consequent ly t h e r e  e x i s t s  

a F a t t e r n  of  charges  on t h i s  su r face .  The charges p a t t e r n  can 

be c a r r i e d  over b t o  t h e  vater molecules and f a v o r s  t h e  develop- 

ment of a ceflaite conf igura t ion  i n  t h e  i n i t i a l l y  adsorbed 

via t e r  . 
A coxp-?kezsive r e v i e x  of t h e  mechanisms involved i n  clay-  

water  i s t e r a c ~ l s z  -,-;as presented by G r i m  ( 3 ' ) .  Ther!? i s  genera l  

c o n s e ~ s - ~ s  zzz:ng sll i n v e s t i g a t o r s  t h a t  t h e  ?.later he ld  d i r e c t l y  

on t s  ~ r i ' z c e s  9: t h e  c l a y  p a r t i c l e s  i s  i n  a p h y s i c a l  s t a t e  

c i i f : z e ~ z  :rz t h t  of l i q u i e  xa te r .  Though va r ious  concepts  

izatrs 'zezrj ;~s ;L?sz~  t o  explaifi  t h e  a c t u a l  arrangement of ivater 

molec:-lez a t  t k  pock s u r f a c e ,  i t  i s  g e n e r a l l y  b e l i e v e d  t h a t  

a f 2 l z  c m s i s t L E g  o f  s e v e r a l  l a y e r s  of "non-ordinary" water  

C;OVC~G::S OR tC;  flat s u r f a c e s  o f  t h e  c l a y  minerals .  Many 
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stuciies have l e d  t o  t h e  conclus ion t h a t  t h e  n a t u r e  of t h e  

i n i t i a l l y  adsorbed water  i s  q u a s i- c r y s t a l l i n e ,  i .e . ,  similar 

t o  t h a t  of i c e .  G r i m  quotes  numcrous i n v e s t i g a t o r s  who 

concluded t h a t  t h e  i n a p p l i c a b i l i t y  of  convent ional  flov; 

equations t o  mater movement through c l a y  m a t e r i a l s  i s  an  

inc i ica t ion  of an immobile o r  h igh ly  v iscous  water l a y e r  on 

t h e  p a r t i c l e  s u r f a c e s ,  which makes t h e  e f f e c t i v e  p o r o s i t y  

much l e s s  than  t h e  measured poros i ty .  

Not a l l  i n v e s t i g a t o r s  ag ree  on t h e  th ickness  of  t h e  

adsorbeu nonl iquid  v a t e r  anc t h e  f i g u r e s  proposed va ry  f o r  

k a o l i n i t e  from a fcv; molecular l a y e r s  t o  several  huncirea 

AngstrUms, However, t h e  experimental  r e s u l t s  obtained i n  

t h e  p r e s e n t  work i n u i c a t e  t h a t  a r e l a t i v e l y  h igh l e v e l  of  

immobil izat ion of t h e  water molecules a c t u a l l y  took  p lace ,  

because pe rmeab i l i ty  r educ t ions  of  about 30% were observed 

f o r  t h e  water- satura ted  c o r e s  a t  room temperature, 

The e f f e c t  of  t s q e r a t u r e  on t h e  c a t i o n  exchange c a p a c i t y  

o f  c l a y s ,  anc  m r c  2 r s c i s e l y  k a o l i n i t e ,  is  impor tant  i n  t h i s  

v . o r ~ .  UDfortuaately, l i t t l e  ciata i s  available i n  t h e  l i tera-  

t u r c  cz XLS SU;SCZ,  

t u r c  z:::cz ar_ tstioc sxchange i s  g e n e r a l l y  small, 

( 3 2 )  t h e  tempera- According t o  Kelley . .  . .  

Various 
f -- .% 

Oth2, ”  ;---=>-: -&-A - L:Jj . r-av2 founa t h a t  t h e  exchange r e a c t i o n  is 

acce lezz :e t  zczze-:;zat by r a i s i n g  t h e  temperature, 

Guha ‘:-, l s u d  :?at on h e a t i n g  a k a o l i n i t e  c l a y  t o  l,OOO°C, 

Sen and 
I _  

its CSZLX ~ x c k ~ g s  ca?acity sho:;ed no change until about  

L;oil0C. 

a c t i o n  i -n i ch  c z ~ s e s  the permeab i l i ty  r educ t ion  a t  room 

Y 

T; l s s s  okse rva t ions  sugges t  t h a t  t h e  clay--:later in te r-  
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temperature  cannot i n  i t s e l f  exp la in  t h e  temperature depen- 

dence of pe rmeab i l i ty  i n  the  case of t h e  water- saturated 

cores. 
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VI . CONCLUSIONS AND RECOMMENDATIONS 

This experimental  s tudy  has shown t h a t  pe rmeab i l i t i ea  of 

conso l ida ted  sandstones  a r e  thermal ly  s e n s i t i v e  under c e r t a i n  

cond i t ions .  Severa l  conclus ions  can be drawn from t h e  r e s u l t s  

t h a t  have been presented.  F i r s t  o f  a l l ,  t h e  temperature e f f e c t  

on pe rmeab i l i ty  depends on t h e  n a t u r e  o f  t h e  s a t u r a t i n g  f l u i d .  

I n  t h e  case of water- satura ted  cores ,  pe rmeab i l i ty  decreased 

wi th  i n c r e a s i n g  temperature fo r  a l l  t h e  samples s tud ied .  Over 

a temperature span of 70-32S0F, permeab i l i ty  r educ t ions  of  up 

t o  65% were observed. 

For o i l - s a t u r a t e d  samples, a s l i g h t  i n c r e a s e  In permehbi l l ty  

w i t h  i n c r e a s i n g  temperature v;as observed i n  t h e  low temperature 

range,  followed 3jr a Lecrease and an  apparent  s t a b i l i z a t i o n .  

However, t h i s  thermal  s e n s i t i v i t y  b a r e l y  exceeded t h e  range  of  

e x p e r i n e n t a l  e r r o r ,  

On t h e  othey k % d ,  a b s o l u t e  Permeabi l i ty  t o  gas w&s found t o  

be inde7e2dont =I b z z x r a t u r e .  

te!iIper?lTL?e 

S l i p  phenomena are affected by 

a l i r -ea r  r e l a t i o n s h i p  bet-ieen t h e  Klinkenberg 

slin r"aszzr .zt z s z 7 z a t u r e  was found an(( explained by analysis 

of  thecy;, 2 ~ :  t k e  "ext rapola ted"  o r  a b s o l u t e  Termeabi l i ty  vas 

t h e  sase ~f a l l  t e3pera tu res .  Also, i n e r t i a l  ("turbulence1') 

f a c t o r s  x e r e  d e t e r z h e d  and found t o  be independent of temperature. 

- 

ORe o f  tk?;, o S j e c i i v e s  o f  t h i s  work had been t o  s imul taneously  

mcasurc t k e  effect o f  thc rma l  s t resses  and mechanical s t r e s s e s  

on ncrmcability. It ;.;as founti t h a t  regardless o f  t h e  n a t u r e  o f  

f 
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t h e  s a t u r a t i n g  f l u i d ,  t h e  l e v e l  of conf in ing  p ressu re  a f  fecteci 

pe rmeab i l i ty  i n  t h e  same manner, Q,, permeab i l i ty  decreased 

wi th  i n c r e a s i n g  c o n f i n i n g  p ressu re ,  For t h e  the rmal ly- sens i t ive  

water- sa tura ted  c o r e s  i n c r e a s i n g  t h e  conf in ing  p ressu re  had the  

a d d i t i o n a l  e f f e c t  of i n t e n s i f y i n g  t h e  temperature dependence. 

I n  t h e  l i g h t  o f  t h e  r e s u l t s  obtained,  i t  appears  t h a t  t h e  

temperature e f f e c t  was n o t  caused by changes i n  t h e  p h y s i c a l  

proDer t ies  o f  t h e  f l u i d s ,  such as v i s c o s i t y  o r  dens i ty ,  because 

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

and gas e s s e n t i a l l y  y ie lded  t h e  same r e s u l t s ;  nor was t h e  temp- 

e r a t u r e  e f f e c t  caused by thermal ly  induced mechanical s t r e s s e s  

a c t i n g  a lone ,  as no s i g n i f i c a n t  pe rmeab i l i ty  changes were found 

f o r  o i l  o r  gas flow. Ins tead ,  t h e  unique r e s u l t s  obta ined  f o r  

water flovi sugges t  t h a t  a combination of  rock- f lu id  i n t e r a c t i o n ,  

thermal  s t r e s s e s  and mechanical s t r e s s e s  was r e spons ib le  f o r  t h e  

pe rmeab i l i ty  r e d u c t i o n s  observed, t h e  dominant f a c t o r  be ing  t h e  

s u r f a c e  e f f e c t .  

Because t h e  c l zy -xa te r  i n t e r a c t i o n ,  which i s  believeti  t o  

have cause2 t h e  p r z s a b i l i t y  r educ t ion ,  i s  due t o  t h e  p o l a r i t y  

o f  t h e  water molecclz,  i t  i s  recommended t h a t  f u r t h e r  vork be 

conduc te i  .:Lth c t>sr  g o i z r  f l u i u s ,  such as methanol o r  steam, 

i n  o r d e r  z z  i z 7 ~ e a z i z a ~ e  - t h e  conclus ions  presented  here in .  The 
. .  c u r r e n t  ~ ~ l z z r ~ z t  111 scotherma1 r e s e r v o i r s  c e r t a i n l y  j u s t i f i e s  

adc i t io r .a l  :ssei,-c;? on xater  o r  steam flov; a t  e l eva ted  tempera- 

tures, kls.s, s i r , ce  t h i s  work was l imitec! t o  sandstones,  i t  would 

be of  gr23at i n t e r e s t  t o  conduct similar experiments on intergran-  

u l a r  linistones. A M i t i o n a l  s t u d y  of the  e f f e c t  of  f i r i n g  temper- 

a t u r e  and t h e  durat ion of t h e  firing c y c l e s  when d e a c t i v a t i n g  

w 

+ 
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t h e  c l a y  should be made. Study of t h e  flow of oil i n  presence 

of a water s a t u r a t i o n  smaller than  the i r r e d u c i b l e  wate r  sat-  

u r a t i o n  could  be a c r u c i a l  t e s t  of the  v a l i d i t y  of t h e  surface 

e f f e c t s  theory.  F i n a l l y ,  t he  s a f e t y  limits of t h e  equipment 

used i n  this work could  be extended t o  allow for h ighe r  values 

of confining pres su re s ,  pos s ib ly  as high as 10,000 psi. 
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APPENDIX A 

LIST OF TABULATED DATA - 

T h i s  Appendix c o n t a i n s  a l l  of t h e  pe r t inen t  data t h a t  were 

ob ta ined  dur ing  t h e  course  of our  exper imental  work. Asepa ra t e  t a b l e  

i s  presen ted  for ehch One of t he  va r ious  core samples t h a t  were 

used i n  t h i s  s tudy ,  These data e i t h e r  d u p l i c a t e  o r  complement t h e  

informat ion given i n  Figs.  1 through 26, 
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TABLE2 . INVESTIGATION OF HYSTERESIS - BOISE CORE #2 - 
(Net conf in ing  p ressure  = 3700 p s i )  

Cycle T, OF k, md %perm.red. % h y s t e r e s i s  a t  
number room cond. due t o  

hea t i ng  

- 71 2063 - - 
1 

- 300 1340 35% - 

1 71 1651 - 20% 

292 f 253 24% 

Overa l l  % 
h y s t e r e s i s  

28 . 2% 

29.5% 

- 

31.5% 
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APPENDIX B 

ANALYSIS OF GAS FLOW DATA 

1 .  - D.ARCY'S LAW FOR GAS FLOW 

The i n t e g r a t e d  form of  Darcy 's  l a w  which d e s c r i b e s  h o r i z o n t a l  

l i n e a r  gas flow, under s t e a d y  s t a te ,  i s o t h e r m a l  c o n d i t i o n s  i s  : 

where : 

= gas f l o w  ra te  a t  room c o n d i t i o n s ,  cc / sec  room 

k = a S s o l u t e  p e r m e a b i l i t y ,  d a r c i e s  

A 

L = ler , , t th  - o f  porous medium, cm 

T -4. - - - - n v l l  r - t empera ture ,  OK 

= C ~ C S S  s e c t i o n a l  area of porous medium, cm 2 

TOOT?. 

P - - A P- _ _  --.- *iFg t empera ture ,  OK - 

- ---r h .-, = = ~ C T  e r e s s u r e ,  atrn. abs. 

-u -- 
* d - -_- 

= 7ressure drop a c r o s s  porous medium, atm 

- - - zean p r e s s u r e  w i t h i n  porous medium, atm. abs. Y -  
.I. 

u 

Z = Fean gas c o m p r e s s i b i l i t y  f a c t o r  

= Ll za5 v i s c o s i t y  a t  T and p ,  , c p  

- 



The fo rego ing  s e t  of  u n i t s  i s  c o n s i s t e n t  and no convers ion 

f a c t o r  is  necessa ry ,  However, i n  l a b o r a t o r y  work, p r e s s u r e s  

are usua1:ly measured i n  p s i  and  perrneabil- i t ies  i n  mi l l i c i a rc ies .  

For t h e s e  u n i t s ,  t h e  r i g h t h a n d  sit ie of  Eq. B-1 must bc divide:.. 

by 14,700. 

2.  KLIN.KENBERG EFFECT 

Klinkenb e r  g (23’observed i n  1941 t h a t  porous media sho1:;ei: 

a greater  p c r m c a b i l i t y  t o  gases  than t o  l i q u i a s ,  and conclude?  

t h a t  t h i s  phenomenon \;’as due t o  gas  s l i p p a g e  a t  t h e  s u r f a c e  o f  

t h e  rock. He f u r t h e r  showed, on t h e  b a s i s  o f  bo th  t h e o r y  and 

exper imenta t ion  t h a t  t h e  apparen t  p e r m e a b i l i t y  observe6 x i t h  

gases nas l i n e a r l y  r e l a t e d  t o  t h e  r e c i p r o c a l  mean p ressure .  

T h i s  can  be expressed by t h e  f o l l m i n g  r e l a t i o n s h i p :  

b 
a P 

k = k ( 1  + r )  

t:lhere k i s  t h e  t r L ; s  l i s ~ i d  p e r m e a b i l i t y  ( o r  a p p a r e n t  permea- 

b i l i t y  e x t r a p o l a t e d  f o  X I  i n f i n i t a  mean p r e s s u r e ) .  

Klin:332’2ergt 2 i L ~ - - s  - -+L - t i c a l  approach t o  t h e  slip phenomenon 

u a s  based 2: z s L z ~ 2 f i s i  concep tua l  model which c o n s i s t e d  o f  

raneomly c,-Ls.r,:ec z 2 ; i i a r i e s  o f  s m r ,  r a d i u s  r . 
f a c t o r  2:- 2;. =-,,3 - ,a -. - eztzrmined exper imenta l ly  and h a s  been 

.-.  The ‘fblf 

- -  
..--- . termed t k 2  ~ ~ i s k e s 5 2 r g  s l i p  f a c t o r ” .  I n  his t h e o r e t i c a l  ana- 

l y s i s ,  K l x k z r - b e r g  Cer lved  a n  equa t ion  similar  t o  B-2 by shcviine 

t h a t :  

4 c x  
’- = k ( 1  + ) (3-3 1 a r h 



where x is  t h e  mean f r e e  pa th  of  t h e  gas  molecules  ( o r  aver235 

d i s t a n c e  t r a v e r s e d  by a molecule between c o l l i s i o n s )  and c i s  

a p r o p o r t i o n a l i t y  f a c t o r .  

t o  the  p r e s s u r e ,  Eqns. B-2 and. B-3 are s t r i c t l y  i d e n t i c a l .  

a r e s u l t  of  t h e  foregoing  obse rva t ions ,  b ha6 been gene ra l ly  

acknowledged t o  be a c o n s t a n t  f o r  a g iven  gas and a g iven  porou:: 

medium. However, a r i g o r o u s  s t a t i s t i c a l  approach t o  t h e  k i n e t i c  

t h e o r y  of gases  (24) shows t h a t  t h e  mean f ree  path i s  a l so  

d i r e c t l y  p r o p o r t i o n a l  t o  temperature:  

t he  c o l l i s i o n  diameter  of  molecules,  and c '  i s  a p r o p o r t i o n a l i t y  

Because x is i n v e r s e l y  p r o v o r t i o n a l  

A s  

5; = c '  - * 2 where t~ is  

pa 

f a c t o r .  

S u b s t i t u t i n g  t h i s  va lue  f o r  h , Eq. B-3 may be r e w r i t t e n :  

T = k ( l + b ' - )  ka P 

where b '  i s  a c c c s t a n t  f o r  a given gas and a g iven  porous ne- 

dium, 

n o t  lieen recogzlzec! p rev ious ly .  

i s  t h e  prodr?cl= of '2! and t h e  a b s o l u t e  t empera ture  a t  which t h e  

To ou r  :ac?!ledge t h i s  temperature  dependency of b has  

The Kl inkenberg s l i p  f a c t o r  

--- - "h --,-nF- , - 3. , -3LV-%\-.- ----.-r ?LOW 

- 
L X Z C ~ ? S  l a x  and t h e  p reced ing  equa t ions  are v a l i d  when 

con"; u,+A,rF,o - 2  *-- of v i scous  flow p r e v a i l .  A t  h igh  flow r a t e s ,  

Darcy's law l a  n o t  v a l i d ,  and flow has  been shown t o  be des-  

c r i b e d  by a q x a d r a t i c  equat ion.  Such an equa t ion  was proposed 
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by Forchheiner  ( 2 5 )  and rnodifiec‘l by C o r n c l l  a n d  Kztz (26) as 

f 0ll.ovr s : 

For t h e  p a r t i c u l a r  c a s e  o f  h o r i z o n t a l  l i n e a r  gas flo\i’, i n  t h e  

absence  o f  slippage, t h e  in tegra ted .  form of (E->) i s :  

! 

For v i s c o u s  flow, t h e  q u a d r a t i c  term of  B-$ i s  smal.1 enough 

t o  be n e g l e c t e d ,  anti B-6 becomes i G e n t i c a 1  t o  Eq.3-1. Therc- 

fo re ,  we see t h a t f i h a s  t o  be t h e  r e c i p r o c a l  o f  p e r m e a b i l i t y ,  

i , e . :  c( 
1 

= E  - 
The assurnptioz o f  no gas  s l i p p a g e  i s  Genera l ly  n o t  c r i -  

t i c a l  because t h e  2 ~ h  f low r a t e s  t h a t  a r c  r c s p o n s i b l e  f o r  

tu rb t r l en t  i’lol‘i have z f t e n  been i n i t i a t e d  by a p r e s s u r e  i n c r c a s c ,  

so t h a t  t h s  ccar, y e z s u r e  i s  r e l a t i v e l y  high. 

,-as slip::aZz, as  =-r--s- a s e d  by B-4, becones ncZl ic , ib le  and i:; 

a c t u a l l y  z : ~  r . - c i z r s z a l  a f  pe rmcab i l i ty ,  I n  many p r a c t i c a l  

c a s e s ,  :---r-z-L>zz 1-2 a n  gas  s l i p p a g e  occur  s imul taneously .  

I n  s u c h  a c a s c ,  

I- 

T n i s  i s  E’S>5Z1a-i; . --.. :i”*~e f o r  s y s t e m  where no backpressure i s  a p -  

o l i o t i ,  ar.c : , z e ~ e  5hs p r e s s u r e  d rop  is  high cnough t o  c r ea t e  large  

f l o n  ratC.5, 

va luc .  - ! - c  ziost r i g o r o u s  way t o  accQunt  f o r  gas s l i p p a g e  and 

t x r b u l e n t  f l w  s i r w l t a n c o u s l y  vioulo be t o  r e p l a c e  0~ by 

%le tke r e a n  p r e s s u r e  is  k e p t  a t  a r e l a t i v e l y  small 
7 7 1  

I 

- 
i 
I 

I 

i -. j 

i 



. 

i n  B-5 and c a r r y  ou t  t h e  i n t e g r a t i o n  o f  t h e  d i f f e r e n t i a l  1 
-F-rFig 

P 
e q u a t i o n  so obta ined.  

equa t ion  t h a n  Eq.B-6 which would have t o  be solved f o r  (3 , b an(] 

1~ s imul taneous ly ,  A numerica l  procedure ViOuld have t o  be developeti 

and u.sed on a d i g i t a l  computer. T h i s  k ind  o f  work was done by 

Kolaca ( 2 7 )  i n  1967. However, Dranchuk and Kolada ( 2 8 )  showed 

t h a t  gas s l i p p a g e  can be s a t i s f a c t o r i l y  handled by r e p l a c i n g  d 

This  would r e s u l t  i n  a much more complex 

i n  Eq. B-6, 1 
by k(l + b )  

Pm 
A f t e r  m u l t i p l y i n g  through by ( 1  + we o b t a i n :  

Pm 

1 
k Eq. 3-7 i s  o f  tk?s form: Y = - +PX 

There fore ,  a gra$c o f  Y = P, P ( '  +b/PJ VS.X=-( l+b/nm)  9 Au 

I shou1.d y i e l d  r_ s t r s l g h t  l i n e  o f  s l o p e p  and. i n t e r c e p t  - 
t h a t  t::t -JL-LS c_" 5 i s  known. 

provideci k '  

- 
-3  x ~ s r  tz a -x~ l c  a t r i a l - a n d- e r r o r  procedure,  a.n a p p r o p r i a t c  

-- - - . r - U _ .  a: zk-3 12ata can be mace, s o  t h a t  b can be c a l c u l a t e a  a s  

t h c  :::-e 3 :  2 e m v e n t i o n a l  Klinkcnberg s t r a i g h t  l i n e .  Th i s  w i l l  

a l so  ;:LE:: a -;zLxs o f  k and, i f  t h e  proper  r c d u c t i o n  has  been made, 

t h i s  -m1u2 ol' k y,vill c o i n c i d e  w i t h  t h e  one c a l c u l a t e d  from t h e  

v i c c o - l z 2 r t i a l  :LOW data .  

. -  

-9 



APPEXDIX C 

MINERALOGICAL COMPOSITION OF SANDSTODES - 

Boise,  Berea and Bandera sands tones  have been widely used 

i n  l a b o r a t o r y  work and, a s  a r e s u l t ,  t h e y  are w e l l  documented. 

The fo l lowing  Table  and d e s c r i p t i o n  were t aken  from ref.Z'). 

Even t h o u g h t h e  m i n e r a l o g i c a l  composi t ion o f  a g iven  sands tone  

may v a r y  from one sample t o  a n o t h e r ,  t h e  f i g u r e s  p r e s e n t e d  hcrc- 

a f t e r  do provide  r e a s o n a b l e  e s t i m a t e s  of t h e  compos i t ion  o f  

t h e s e  r o c k s  and p a r t i c u l a r l y  of t h e i r  c l a y  c o n t e n t .  

MINERAL 

Quartz 

Feldspar 

P l a g i o c l a s e  

K - S p Z  

Ca lc iv s  

BOISE 

387 

a199 

,183 

,016 

348 

BEREA 

,678 

,015 

,012 

003 

094 

el90 

BANDERA 

0 555 

,019 

,019 

, 166 

.212 

eo20 



APPENDIX C ( con t inued)  

BANDERA : Very f i n e  g ra ined ,  w e l l  compacted, q u a r t z o s e  sands tone .  

A l a r g e  f r a c t i o n  o f  t h e  primary f e l d s p a r  g r a i n s  have been p a r t i a l l y  

t o  t o t a l l y  a l t e r e d  t o  k a o l i n i t e  and i n  some c a s e s  t h e  a l t e r a t i o n  

c o n t i n u e s  on t o  muscovite. 

t o  k a o l i n i t e .  

range  from 10-25 p e r c e n t  i n  t h e  t h i n- s e c t i o n s .  

are sub- angular  t o  sub-rounded, 

samples used i n  t h i s  s t u d y  w a s  

The matrix c l a y  appea r s  t o  be a l t e r ed  

Secondary c a l c i t e  i s  v a r i a b l e  i n  amount and may 

The q u a r t z  g r a i n s  

The average  p e r m e a b i l i t y  o f  t h e  

35md, (and t h e  average  p o r o s i t y  abou t  

22% 

-- BEREA : Fine  g ra ined ,  w e l l  compacted, qua r t zose  sandstone.  P a r t i a l  

and sometimes t o t a l  replacement  of  u n s t a b l e  f e l d s p a r  g r a i n s  and 

matrix c l a y  by k a o l h i t e  and where a l t c r a t i o n  sequence h a s  con t inued ,  

by muscovite. 

t i v e  amouzt, q i a r t z  - ..rains are sub- angular t o  sub-rounded. Thc 

Secor ; , i zy  c a l c i t e  i s  p r e s c n t  and i s  v a r i a b l e  i n  re la-  

average  ps=xta5llrz:- . I  2: t h e  samples  used  i n  t h i s  s t u d y  w a s  ioomd, a n c  

t h e  averzg?  3 o r 3 s ~ ~ ; ; r  a -m-~ t  19 % . . .  

., . EOIS3 : 2-5 z ~ - z - - f i z 2  gaLr,ed, well  compacted, f e ldspa r- quar t zose  

sandstone-. l a r g e  m o u n t  of  t h e  f e l d s p a r  and m a t r i x  c l a y  is a l t e r ed  

t o  kaolinite, zr6,  -;ik.ers a l t e r a t i o n  sequence has  cont inued,  t o  musco- 

vit:;. C a l c i t s  is z o t  presen t .  Quartz g r a i n s  are a n g u l a r  t o  sub- 
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angula r .  Th i s  sands tone  is immature bo th  texturally and  mineralo-  

g i c a l l y .  The average  p e r m e a b i l i t y  of t h e  samples used  i n  this 

s t u d y  was 2POOmd, and t h e  average  p o r o s i t y  abou t  
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APPENDIX - D 

LIST OF MANUFACTURERS AND SUPPLISRS 

The following is  a list of  t h e  various pieces  of  equipment 

o r  s u p p l i e s  t h a t  were s e l e c t e d  for this work, t o g e t h e r  w i t h  

t h e  cor responding  names of manufac turers  anci/or s u p p l i e r s  

from whom they  were acquireci. 

Chevron 8 h i t e  Minera l  O i l  No.12 - V a n  Waters & Rogers, 

San Francisco .  

I n c , ,  

P r e s s u r e  Transd-ucers - Dynasciences Corp., 14ocel KP 15, c/o 

Gaao Ins t rumen t  S a l e s ,  655 C a s t r o  S t r e e t ,  S u i t e  2, Nountain 

View, Cal. 94040 (961-2222). 

B a r n e t t  I n d u s t r i a l  Dead Weight T e s t e r  - - c / o  Gado Ins t rument  

S a l e s ,  655 Cas t ro  S t r e e t ,  S u i t e  2 ,  Nountain View, C a l ,  94040 

(961-22221. 

P r e s s u r e  I n 6 i s a t o r  - Pace Model CD 25, c/o Gad Ins t rument  

Sales, 655 Castro S t r e e t ,  S u i t e  2 ,  Mountain View, Cal, 94040 

(961-2222). 
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3 
Recording Po ten t iome te r  ( f o r  P r e s s u r e )  - Feath  K i t ,  Model 

EU-208, 2001 M i d d l e f i e l d  Road, Redwood C i t y ,  Cal, (365-815j)  , 

B 
e 

Varia.ble 2 a t e  O i l  Pump - Model PC, Whitey Tool & Die Company, 

5679 LanGregan Emvl,, Oakland, C a l ,  (655-5109) l oan  from USBM. 

t Iycraul ic  Hanc Pum? - Enerpac, Kodel P-39, Pau l  Monroc Hybau-  

l i c s ,  Iric., 1570 G i l b r e t h  Roac, Burlingam?, C3.1, 94010 

( 697-2950) 0 

Constant  Rate Pum? - Hand maae cquiva.lent  t o  Ruska 2200 s e r i e s  

Uses Viton 0 r i n g  w i t h  machined t e f l o n  back up r i n g ,  

Accumulators ( G r e e r o l a t o r ) ,  Model No.20-30 nJR-s-% ws, Hydrau- 

l i c  Con t ro l s ,  Inc, ,  1330 6 t h  S t r e e t ,  Emeryvi l lc ,  Cal. 94608 

Recording P o t e n t i c z e t e r  ( f o r  t empera ture )  - Model Speeao Max Vi, i 
i 
i 

-I i Teeds e( Morthrup, 1095 Market S t r e e t ,  Sari F ranc i sco  (349-6656) 

Thermocouples, Iron-Constantan,  Conax, c/o Ins t rument  Labora tory  

644 Emerson S t r e e t ,  P a l o  Alto,  Cal. 94303 (328-1040). 

Temueraturk Ccntrzllcr - API EIociel 228 wi th  4010 Power Pack, 

API I n s  truser?,ts, 2339 Char les ton  Road, Mountain View, Cal. 94040 

(964-05 12 >. 
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0 Rings - Viton A with t e f l o n  backup r i n g s ,  ABSCOA I n d u s t r i e s ,  

880 Hurlingame Ave., Redwood City, Cal. (369-4897) o r  1071 

West  Arbor Vi tae  S t r e e t ,  Inglewooc, Cal. (213-7764561 . 
Tubins  - Tubesa les ,  500 Sansome St r ee t ,  San Franc i sco ,  C a l .  

(m 1-1919). 

F i t t i n E s  & Valves  - Van Dyke & F i t t i n g  Co., 5 j 2 j  Marshal S t r e e t ,  

Oakland, Cal. (658-1700). 

G a s  Analyzer - G a s  Master,  Laboratory Moael, GOW-MAC I n s t r u m m t  

Co., 100 Kings Roac, Maciison, N.J .  07940 (201 377-3450 or  

Appliea Ins t rument  Co,, 199 1st  S t r e e t ,  LOS A l t o s  (941-5928). 
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