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Abstract  This study i nves t i ga t e s  flow of 
s a l i n e  so lu t i ons  through sandpacks a t  
e leva ted  temperatures and pressures  i n  t he  
labora tory .  The purposes of t h i s  work are 
two-fold. F i r s t  the experimental apparatus 
necessary t o  measure permeabil i ty with sal t  
water flow a t  e leva ted  temperatures must be 
designed and b u i l t .  Then, the e f f e c t  of 
temperature on absolu te  permeabil i ty t o  
s a l t  water  w i l l  be compared t o  the e f f e c t  
with d i s t i l l e d  water as the flowing f l u i d  
under similar condit ions.  

In t roduct ion  The absolu te  permeabil i ty of 
a formation occurs a s  a va r i ab l e  i n  a l l  
f l u i d  flow equations.  Since permeabil i ty i s  
measured i n  the labora tory ,  experimenters 
have been t ry ing  f o r  the l a s t  40 years t o  
s imula te  r e se rvo i r  condi t ions  (o r  a t  l e a s t  
those condi t ions  thought impor tant )  i n  t he  
labora tory .  The f i r s t  s t eps  i n  t h i s  
d i r e c t i o n  were t o  subjec t  cores t o  
conf in ing  pressures  s i m i l a r  t o  those i n  the 
r e se rvo i r .  This ranged from hydros t a t i c  
(Fa t t  and Davis) t o  r a d i a l  (Wyble) t o  
t r i a x i a l  a t  a Poisson r a t i o  of 0.33 (Gray, 
et  a l . ) .  The r e s u l t s  of these s t ud i e s  
showed tha t  absolu te  permeabil i ty was a 
funct ion  of confining pressure  while 
r e l a t i v e  permeabi l i ty  ( F a t t )  was not. 

-- 

The next approximation t o  r e se rvo i r  con- 
d i t i o n s  was t o  i nves t i ga t e  the  e f f e c t  of 
temperature on the measured values of 
absolu te  and r e l a t i v e  permeabi l i t ies .  The 
i n i t i a l  s t ud i e s  (Poston, e t  al . ,  
Weinbrandt) found a reduction i n  absolu te  
permeabil i ty and a s h i f t i n g  of the  r e l a t i v e  
permeabi l i ty  curves when the  temperature 
w a s  increased.  Fur ther  s t u d i e s  (Casse, 
Aruna) were i n i t i a t e d  with d i s t i l l e d  water 
flow through sandstones and sandpacks t o  
b e t t e r  def ine  the  e f f e c t  of temperature on 
absolu te  permeabil i ty.  These researchers  
found a reduction i n  permeabil i ty with 
temperature increase  when water (and only 
water ,  not  mineral o i l ,  gas  or 2-octanol) 
flowed through sandstone (consol ida ted  
sandstone or  unconsolidated sand but not 
l imestone).  This reduction was found t o  be 
r e v e r s i b l e  when t h i s  was inves t iga ted .  

Once these r e s u l t s  were obtained,  explana- 
t ions  were sought from the l i t e r a t u r e .  

Chemical engineering l i t e r a t u r e  was a good 
source f o r  expla in ing  the observed permea- 
b i l i t y  reductions with temperature increase .  
During t h i s  period ( t he  e a r l y  1970's) ,  
chemical engineers a l l  over the  world were 
i nves t i ga t i ng  anomalous water (Derjaguin and 
Churaev). Anomalous water w a s  water con- 
densed i n  very f i n e  quartz c a p i l l a r i e s  
having p rope r t i e s  s i g n i f i c a n t l y  d i f f e r e n t  
(such as f i f t e e n  times the v i s c o s i t y )  from 
normal or  bulk water. So, the idea of some 
unexplained boundary l aye r  phenomenon 
between quar tz  and water was used t o  expla in  
t he  observed permeabil i ty reductions with 
water flowing through sand. 

Although l a t e r  i nves t i ga t i ons  found no 
e f f e c t  of temperature on absolu te  permea- 
b i l i t y  with d i s t i l l e d  water flow (Gobran, 
Sageev), t he r e  were s t i l l  nagging ques t ions  
about the  qua r t z  /water i n t e r f ace .  Perhaps 
t he  add i t i on  of salt  t o  the water would 
cause some i n t e r f a c i a l  forces  t h a t  would 
y i e l d  a reduction i n  permeabil i ty with 
temperature increase .  To answer these  
ques t ions  and t o  f u r t h e r  s imula te  a c t u a l  
r e se rvo i r  condi t ions  i n  the  labora tory ,  s a l t  
water  permeabi l i t ies  were ueasured i n  t h i s  
study. 

A similar work presented a t  t h i s  meeting 
last  year ( P o t t e r ,  e t  a l . )  and the  dis- 
cussion t ha t  followed w i l l  be used a s  a 
b a s i s  of comparison f o r  these r e su l t s .  

Experimental Apparatus and Procedure The 
experimental  appara tus  and procedure have 
been f u l l y  described elsewhere (Gobran), 
however, a br ie f  de sc r ip t i on  is  appropr ia te  
here f o r  the  d iscuss ion  t h a t  follows. A 
schematic diagram of the apparatus is shown 
i n  Figure 1. The f l u i d  flow system begins 
with a Ruska cons tant  r a t e  pump (wi th  two 
403 s t a i n l e s s  steel cy l inde r s  ra ted  t o  4000 
ps i ) .  The tubing,  core  holder ,  d i f f e r e n t i a 1  
pressure  transducers and o ther  components of 
the  f l u i d  flow system a r e  m d e  of 316 
s t a i n l e s s  steel. 
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The procedure f o r  tak ing  permeabil i ty 
measurements is the same as with d i s t i l l e d  
water (Gobran). A t  each temperature four  
d i f f e r e n t  flow rates a r e  used: t h r ee  h igh  
(about one l i t e r  per hour) and one low 
(about 200 mil l i l i ters  per hour). The value 
of permeabil i ty a t  each of the  high flow 
r a t e s  is the  average of the values a f t e r  
f i v e  and then ten incremental  pore volumes. 
These values are then averaged t o  ge t  t h e  
permeabi l i ty  a t  a given temperature. The 
low flow rate is maintained f o r  only one 
pore volume and t h i s  value is used a s  a 
check t o  be sure t he r e  is no f l owra t e  
e f f e c t .  

This system w a s  designed f o r  d i s t i l l e d  water  
flow. It w a s  used t o  measure the absolu te  
permeabil i ty of sandpacks and consol ida ted  
sandstone cores a s  a funct ion  of temperature 
from 100 t o  300°F, confining pressure  from 
2000 t o  10,000 p s i  and pore pressure  from 
200 t o  4000 ps i .  During the s t ud i e s  with 
d i s t i l l e d  water ,  no e f f e c t  of contamination 
was found on the  i n l e t  face  of the  porous 
media. Also, except f o r  a s e t t l i n g  or  re- 
arrangement of gra ins ,  t he r e  was  no re- 
duct ion  i n  permeabil i ty caused exclus ive ly  
by flow. 

Resul t s  As s t a t e d  previously,  one of t he  
goa l s  of t h i s  s tudy w a s  t o  i nves t i ga t e  the 
e f f e c t  of temperature on absolu te  
permeabil i ty of unconsolidated sandpacks 
with a 1% N a C l  so lu t i on  as the flowing 
f l u i d .  The sandpacks were e i t h e r  100-120 o r  
120-200 mesh O t t a w a  sand. The conf in ing  
pressure  and the  pore pressure  were 2000 and 
200 p s i ,  respec t ive ly ,  f o r  a l l  experiments. 

During the  d i s t i l l e d  water  experiments and 
t he  i n i t i a l  salt  water experiment, a 15 
micron f i l t e r  was used i n  the flow l i n e  
ou t s ide  the a i r  bath. During the f i r s t  salt  
water experiment t h i s  f i l t e r  plugged badly 
and t he re  was a 20% reduct ion  i n  
permeabil i ty during the  f i r s t  95 pore 
volumes of throughput ( t h i s  is f a r  higher 
than would be expected merely due t o  
s e t t l i n g  a s  w i l l  be seen l a t e r ) .  A t  t h i s  
poin t  the core was  a t  150°F and t h e  
experiment was stopped. The 15 micron 
f i l t e r  outs ide  the  air bath w a s  rep laced  
with a 2 micron f i l t e r  and a second 2 micron 
f i l t e r  w a s  i n s t a l l e d  i n  the a i r  ba th  
immediately p r io r  t o  the core holder.  

The r e s u l t s  of the second experiment a r e  
shown i n  Figure 2. Here permeabil i ty is 
graphed versus temperature. There was a 
loose  wire t o  one of the a ir  bath hea t ing  
elements and the maximum a t t a i n a b l e  tempera- 
t u r e  was 284°F. These r e s u l t s  show no 
s i g n i f i c a n t  reduction i n  absolu te  permea- 
b i l i t y  dur ing  the hea t ing  por t ion  of the 

experiment. There was, however, a l a rge  
loss i n  permeabil i ty during the  cool ing  
cyc le .  The experiment was stopped before 
the  usual  four  f lowra te  measurements could 
be made a t  100°F. 

Figure 3 shows permeabil i ty graphed versus  
throughput f o r  t h i s  experiment. The r e s u l t s  
of t h i s  experiment with sal t  water can be 
compared with the r e s u l t s  f o r  d i s t i l l e d  
water flow shown i n  Figures  4 and 5. Figure 
4 shows permeabil i ty as a funct ion  of 
throughput a t  100°F. This shows t h e  
reduction i n  permeabil i ty t h a t  can be 
expected merely due t o  flow. Clear ly ,  the  
reduction i n  permeabil i ty (20% i n  95 pore 
volumes) i n  the f i r s t  sal t  water experiment 
was excessive as was the reduction during 
the cooling cyc le  of the  second experiment. 

F igure  5 shows permeabil i ty a s  a funct ion  of 
temperature f o r  d i s t i l l e d  water flow. This 
compares very w e l l  with the  hea t ing  cyc le  i n  
t he  second s a l t  water experiment with both 
showing no temperature dependence. Examina- 
t i o n  of the core and the two f i l t e r s  a t  the 
conclusion of the  second s a l t  water experi-  

with a brown p a r t i c u l a t e  and t h a t  t h i s  same 
ma te r i a l  coated the  i n l e t  face  of the  core. 

The r e s u l t s  of t h i s  experiment i nd i ca t ed  
t h a t  permeabil i ty was not dependent on 
temperature with sal t  water as the  flowing 
f l u i d .  It a l s o  showed t h a t  both the flow 
l i n e s  i n s ide  the  a i r  bath and the  pump 
i t s e l f  were corroding with the s a l t  water 
flow. The progress of the  corrosion- 
produced p a r t i c u l a t e  cold be delayed by use 
of f i l t e r s  but t he r e  would s t i l l  be 
permanent damage t o  the pump and flow 
l i ne s .  

A t  t h i s  point  a so lu t i on  ( ins tead  of a 
de laying  approach) was sought. Af ter  phone 
c a l l s  t o  numerous major o i l  company research  
l abo ra to r i e s ,  it was determined t h a t  100 
p a r t s  per mi l l i on  of sodium s u l f i t e  
(Na2S03) would remove the  dissolved 
oxygen from the  salt  water. A l t e rna t e  
ma te r i a l s  such a s  t i t an ium and m n e l  were 
considered as replacements f o r  t he  316 
s t a i n l e s s  steel tubing,  but ,  due t o  time 
and cos t  l i m i t a t i o n s ,  were not used. 

A system of check valves and cy l inde r s  which 
allowed flow of mercury i n  the  pump and 
water i n  the system was implemented. This 
design is shown schematical ly i n  Figure 6. 
Af t e r  s eve ra l  abor t ive  experiments i n  which 
mercury leaked i n t o  the flow system, t h i s  
design seemed t o  work successfu l ly .  

During the f i n a l  experiment t he r e  was a 
continued decrease i n  permeabil i ty with 

,merit showed t h a t  the  f i l t e r s  were plugged 
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throughput (al though not of the mgn i tude  
t h a t  would be caused by mercury in t h e  
core) .  The low flowrate measurements 
y ie lded  permeabil i ty values s i g n i f i c a n t l y  
lower than the  high rate values. This 
experiment w a s  stopped while hea t ing  t o  
250°F when the d i f f e r e n t i a l  pressure  ac ros s  
the  core kept increas ing .  This is 
i n d i c a t i v e  of flow of the confining o i l  i n t o  
the  core. 

Discussion In  h i s  work, Mr. Po t t e r  found 
corros ion  of h i s  system (316 and 304 
s t a i n l e s s  s t e e l )  with d i s t i l l e d  water flow 
a t  e leva ted  temperatures. This was due t o  
oxida t ion  which produced Fe+3 ions. 
When the system was changed t o  t i tanium, no 
more corros ion  problems were encountered. 
During the d iscuss ion  following h i s  
presenta t ion ,  i t  was suggested t h a t  t he  304 
s t a i n l e s s  steel components caused t he  
problems and t h a t  the 316 s t a i n l e s s  would 
have no problems. This has been borne out  
by two recent  s t ud i e s  (Gobran, Sageev). 
However, systems cons t ruc ted  of 316 
s t a i n l e s s  s t e e l  cannot be used with salt 
water flow at e leva ted  temperatures. Baaed 
on the  r e s u l t s  of t h i s  work and o the r  
s t ud i e s  on s t a i n l e s s  steel (Gordon), 
s t a i n l e s s  s t e e l  and sal t  water a r e  not 
compatible above 170'F. Therefore materials 
such as inconel ,  t i t an ium o r  m n e l  are 
needed f o r  such systems. 

Conclusions Two conclusions can be made 
from t h i s  study: 1 )  Absolute permeabil i ty 
of sandpacks t o  s a l t  water is not a funct ion  
of temperature. 2 )  Materials o the r  than 316 
s t a i n l e s s  s t e e l  must be used f o r  sal t  water 
systems a t  e leva ted  temperatures. 
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Figure 1. Schematic diagram of the experimental apparatus. 

Figure 2. Salt water permeability 

versus temperature. 
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Figure 3. Salt water permeability 

versus throughput. 
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f o  I 

Figure 4 .  D i s t i l l e d  water 

permeabi l i ty  versus  throughput. 
Figure 5 .  D i s t i l l e d  water permeabi l i ty  

versus  temperature. 
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Figure 6 .  Mercury flow modifications. 
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