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Resu l t s  of an exper imen ta l  invest igat ion of percola t ion  of non-Newtonian s y s t e m s  a r e  
presented.  Var ious  app rox ima te  models  and f ac to r s  affect ing the c h a r a c t e r i s t i c  con-  
s tants  of these  models  a r e  considered.  

Cons iderable  at tent ion has r ecen t ly  been given to the p rob lem of non-Newtonian fluids in connection 
with the use  of po lymer  m a t e r i a l s  in engineer ing  and development  of oil and gas  deposi ts .  

Pe rco la t ion  of non-Newtonian s y s t e m s  was studied in [1-5, et al.] ,  where  it was  descr ibed  by a 
modified D a r c y ' s  law for  a v i scop las t i c  medium,  f i r s t  wr i t ten  by Mirzadzhanzade  [1] in the f o r m  

v ~  - k~ (1-,  (gradP~ gradP. (1) 

The r e su l t s  of an expe r imen ta l  conf i rmat ion  of Eq. (1) for  the example  of a model  fluid - a mix tu re  
of vapor  lubr ica t ing oil and br ight  s tock oil - a r e  p resen ted  in [2], where  the following express ion  was 
obtained for  P0 

Po = %%/V'~-. (2) 

Perco la t ion  in the p r e s ence  of an init ial  p r e s s u r e  gradient  re la ted  with the par t i cu la r  behavior  of 
percola t ing  fluids in a porous med ium (e.g., wa te r  in clay) was  invest igated by Puzyrevskaya ,  Flor in ,  et 
a l . ,  and even e a r l i e r  - at  the end of the las t  century  - by King [6-9]. We note that an init ial  p r e s s u r e  
gradient  occurs  a l so  in the case  of perco la t ion  of gas through clay containing a compara t ive ly  la rge  quan-  
t i ty of res idua l  water .  

The invest igat ions of pe rco la t ion  ca r r i ed  out for  va r ious  non-Newtonian s y s t e m s  at  the Azizbekov 
Inst i tute  of P e t r o l e u m  and Chemis t ry  in Azerba idzhan  showed that  in a number  of cases ,  espec ia l ly  at  
p r e s s u r e  gradients  l ess  than P0, Eq. (1) cannot be used. 

Here  we p resen t  the r e s u l t s  of an expe r imen ta l  invest igat ion of the percola t ion  of non-Newtonian 
s y s t e m s  for  which we used model  fluids - m ix tu r e s  of vapor  and br ight  s tock oils,  two-phase  foam (sea-  
wa te r  + a i r  + surfactant) ,  and t a r r y  0ils f r o m  a number  of deposi ts  in Azerbaidzhan.  A column, 625 m m  
long and 42 m m  inside d i ame te r ,  was  filled with purif ied quar tz  sand and then tamped with a v ib ra to r .  
The expe r imen t s  w e r e  c a r r i e d  out under i so the rma l  conditions. 

Pe rco la t ion  of the fluid occur red  a t  a given p r e s s u r e  gradient .  The la t te r  was maintained by gas 
de l ivered  f r o m  a h i g h - p r e s s u r e  cyl inder  to a tank with a va lve  which prevented an inrush of the gas into 
the core  holder .  The flow r a t e  of the fluid was changed by adjust ing the p r e s s u r e  gradient ,  which was r e -  
corded by s tandard  p r e s s u r e  gauges,  and was de te rmined  by the weight method. 

Assuming  that,  other  conditions being equal, the value of AP changes in d i r ec t  propor t ion  to the 
change l, for  the p r e s s u r e  gradient  we can wr i t e  the following physical  equation: 

AP - f ( v ,  k, k', n', p). (3) 
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Fig. 1. Graph of v / g k  (see -1) vs 
APq-k / l  ( g / c m  2) for  a mixture  
of vapor  (75%) and bright  s tock 
(25%) at  var ious  a i r  pe rmeab i l i -  
t ies ,  darcys :  1) 75; 2) 12; 3) 5.1; 
4) 1.4 and temperatures~ ~ I) 
27; II) 29. 

On the basis of analyzing the dimensionalities we obtain a 

dependence in the form: 

AP ~/k 
I (--~k )~'k ' =f(n' ,  Re), (4) 

~e = ( g ~ )  ~" ~2-%/k' 

F r o m  the exper imenta l  data we constructed graphs of v / ( k  
as a function of APqTk/l.  The values  of the indicated quantit ies ca l -  
culated for different  values of a i r  permeabi l i ty  fitted onto one com-  
mon curve passing through the or igin  of the coordinates .  F igure  1 
shows such curves  for  a mixture  of vapor and bright stock oils for  
different  t empera tu re  values,  and Fig. 2 for  two-phase foam with a 
1.0% concentration of PO-I surfactant in water. 

Treatment of the experimental data showed that the dependence 
f(n', Re) for the experiments can be represented in the form f(n'), 
which is presented in Fig. 3. It follows from this figure than when 

n' ~ i, f(1) ~ 1. 

Thus the p rocess  of percolat ion of non-Newtonian fluids at comparat ively  low veloci t ies  can be de-  
scr ibed by Darcy ' s  law (see Fig. 1, s t ra ight  line OA) and a t  high veloci t ies  by the modified Darcy ' s  law 
for  a v iscoplas t ic  medium (see Fig. 1, l ine AB) and by an exponential function. 

With the use of the exponential function the law of percolat ion can be formulated so 

grad P k'f (n') v (5) 

The modified Darcy ' s  law for  a v iscoplas t ic  medium is wr i t ten  in the fo rm  

g r a d P = - - ( ~ - v - u # )  v 
7~ 

(6) 

With the use of Caesson 's  relat ion,  modified in [1], the law of percolat ion is expressed  by the f o r -  
mula 

1 I 

grad p = _ [ (_~__V_v) 7 §  a ~ ) ~ ]  n v  (7) 

Equation (6) follows f rom (7) when n = 1 as a par t icu lar  case.  The graphs of (v/vrk)l/2 vs (APq-k)l/2 
a r e  r ec t i l inea r  and in te rcept  segments  ~ / 2  on the x axis. The slope of the s t ra ight  lines is ~?1/2. 

The approximat ion constants of these dependences a r e  presented in Table 1. 

We note that the se lec t ion of one or the other  dependence is determined by the conditions of the prob-  
l em and by the difficult ies a r i s ing  in its solution. For  example,  when using dependence (6) the region of 
percola t ion is tentat ively divided into a region of motion, where  the re la t ion  between the p r e s su re  gradient  
and the veloci ty  of percola t ion is l inear ,  and a "stagnant" region, where  the fluid is s tat ionary.  In con-  
nection with this, when solving nonsteady-state problems of percolation with the use of Eq. (6) a special 
feature arises which consists in that there is an unknown moving boundary. This can be said also about 
Eq. (7). With the use of dependence (5) the equation becomes complicated, but there is no moving boundary. 
It is necessary to note that the practical use of Eq. (6) for solving problems of oil-field mechanics is 
broader than Eq. (5). 

Let us look at some factors affecting the approximation constants of the models used. 

We will evaluate the effect of the quantity of clay and residual water in a porous medium on the magni- 
tude of the initial pressure gradient according to the data of the experiments carried out by Yu. G. Mamedov, 
Ya. G. Farzane, and M. Abdullakimov on columns filled with purified quartz sand with different air perme- 
abilities at a constant temperature. Saturation of the specimen with water was carried out under a vacuum 
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Fig. 2. Graphs of v/~-k (sec -l) vs AP~-k/l (g /em 2) (a) and 
(v/~fk)l /2 vs (AP~fk/ / ) l /2  (b) for two-phase foam at different 
p e r m e a b i l i t i e s ,  d a r c y s :  1) 25; 2) 39; 3) 79; 4) 111; 5) 133. 
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Fig. 3. Graph of f(n') vs nL 

and then  i t  was  d i s p l a c e d  by  a i r .  The  quan t i t y  of r e s i d u a l  w a t e r  
w a s  c o m p a r e d  wi th  the  v a l u e  of tha t  fo r  a g iven  p e r m e a b i l i t y  a c -  
c o r d i n g  to [11]. Then  p e r c o l a t i o n  o f  n o n - N e w t o n i a n  s y s t e m s ,  a s  
w h i c h  w e  u s e d  v a p o r  oi l  and  t r a n s f o r m e r  oi l ,  was  c a r r i e d  out  
and c u r v e s  of the  f low r a t e  p lo t ted  a g a i n s t  the p r e s s u r e  g r a d i e n t  
w e r e  c o n s t r u c t e d .  The  r e s u l t s  of the  e x p e r i m e n t s  showed tha t  
a s  the  r e s i d u a l  w a t e r  i n c r e a s e s  the  i n i t i a l  p r e s s u r e  g r a d i e n t  d e -  
c r e a s e s ,  which  i s  exp l a ined  by i t s  w e t t i ng  ac t ion .  The  a d d i t i o n  of 
c l a y  to the  p o r o u s  m e d i u m ,  o t h e r  cond i t i ons  be ing  equa l ,  l e a d s  
to an  i n c r e a s e  of the  i n i t i a l  p r e s s u r e  g r a d i e n t  ( see  T a b l e  2). 

E x p e r i m e n t s  on the  d e t e r m i n a t i o n  of the  e f f ec t  of the  d i r e c t i o n  of p e r c o l a t i o n  on the a p p r o x i m a t i o n  
c o n s t a n t s  w e r e  c a r r i e d  out  by  Ya. G. F a r z a n e  a n d M .  A b d u l l a k i m o v .  The  i n t e g r a l  f low r a t e  v e r s u s  p r e s -  
s u r e  c u r v e s ,  fo r  e x a m p l e ,  fo r  a m i x t u r e  of v a p o r  and b r i g h t  s t o c k  o i l s ,  depend  on the d i r e c t i o n  of p e r -  
co l a t i on .  T h e s e  c u r v e s  a r e  a r r a n g e d  p r a c t i c a l l y  s y m m e t r i c a l l y  wi th  r e s p e c t  to the  c u r v e  ob ta ined  in  the  
c a s e  of  h o r i z o n t a l  p e r c o l a t i o n ,  n a m e l y ,  the  c u r v e s  ob ta ined  f o r  upward  p e r c o l a t i o n  i s  l o c a t e d  be low the 
c u r v e  f o r  h o r i z o n t a l  p e r c o l a t i o n  and the  c u r v e  ob ta ined  fo r  downward  p e r c o l a t i o n  i s  h i g h e r  ( see  T a b l e  3). 
I t  was  a l s o  shown tha t  the  i n t e g r a l  f low r a t e  v e r s u s  p r e s s u r e  g r a d i e n t  c u r v e s  ob ta ined  on " load ing"  and 

T A B L E  I .  R e s u l t s  of E x p e r i m e n t a l  I n v e s t i g a t i o n s  

Experimental 
system 

82 

k ' ,  

t. ~ n' s e c  n ' g .  
em ~ 

cP g/era 2 cP g/cm 2 

19 0,72 0,130 
23 0,78 0,080 
26 0,80 0,061 
30 0,86 0,040 

4126 
2607 
2128 

0,018 
0,013 
0,011 

3220 
2260 
1918 

0,0052 

0,0025 
0,0014 

, J  

72 
r 

i 
v 

, 4  

o 

40 

18 
21 
24 
30 

0,82 
0,84 
0,85 
0,89 

0,060 
0,041 
0,033 
0,020 

2185 
1776 

0 , 0 2 0  
0,013 

1830 
1440 

cP 

1960 

1082 
884 

18 0,9o 0,034 2~7 - -  0,0014 630 
21 0,025 0,014 0,0011 530 
25 0,94 0,014 1387 0,012 684 0,0009 490 
30 0,95 0 , 0 1 0  . . . . .  

Two-phase 
foam 20 --  --  3,4 0,08 0,8 0,0361 0,48 

714 



TABLE 2. Experimental  Re-  
sults 

Conterit, % 

clay water 

10 0 
14 
27 
40 

20 0 
21 
40 

30 0 
20 
40 

APo, kg/cm2 

1,1 
0,7 
0,4 
0,2 

2,5 
1,6 
0,9 

5.6 
3,5 
1,5 

Note: In all experiments the maximum 
shear stress % = 96 mg/cm z and struc- 
tural viscosity r~ = 57 cP. 

TABLE 3. Experimental  Resul ts  

Approximation 
constants 

Horizontal 
percolation 

a, g/cm z 0,0018 

7, cP 779 

Vertical percolation 

upward downward 

0,0023 0,0015 

779 746 

"unloading" the sys tem have a revers ib le  charac te r  and at cer ta in  va l -  
ues of the duration of deformation they pract ical ly  coincide. 

We will de termine the a rea  of applicabili ty of Da rcy ' s  law. It is 
known that in the l i te ra ture  (see, for  example, [12]) the following quan- 
tities a re  used as the l inear pa ramete r  of the Reynolds number: hy- 
draulic  radius of the porous medium, effective d iameter  of soil pa r -  
t icles,  "internal  sca le"  of the porous medium, etc., and as the velocity, 
the average  or true velocity of percolation. In conformity  with this, 
different values a re  obtained for He. 

An analysis  of the l i te ra ture  data and experiments  car r ied  out by M. A. Melikov with water ,  i so-  
octane, kerosene,  and a 20% solution of g lycer in  in water showed that, if we take as the l inear parameter  
the d iameter  of a tube in which the porous medium is located and as the  velocity the average  velocity, the 
cr i t ical  value of Reynolds pa ramete r  is equal to 160. 

V 

Po 
P 

k0 

~o 
k 

o~ 0 
k', n'  
P 

AP 
o~,77 

~ ~]I 
l 

t 

N O T A T I O N  

is the veloci ty of percolatiol~; 
is the v i scos i ty  of s t ruc ture ;  
is the modulus of p r e s su re  gradient  for  overcoming maximum shear  s t ress ;  
is the p res su re ;  
is the permeabi l i ty  for  a v iscoelas t ic  medium; 
is the maximum shear  s t r e s s ;  
is the a i r  permeabil i ty;  
is a constant coefficient equal to 167 �9 10-4; 
a re  the consis tency and non-Newtonian behavior indices, respect ively;  
is the density; 
is the p res su re  loss due to fr ict ion; 
a re  the approximation constants of modified Darcy ' s  law for viscoplast ic  medium; 
is the approximation constant of D a r c y ' s  law; 
a re  the approximation constants of Caesson ' s  relation; 
is the length; 
is the temperature .  
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