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Experimental investigations of filtration of relaxing liquids in heterogeneous porous media are performed. 

Models for describing the obtained results are proposed that can be used in practical calculattons. 

Recent ly ,  rheotechnology has gained wide use in the petroleum indust ry  [1 ]. It employs  working fluids 

that have non-Newton ian  propert ies  to act on workable beds,  which de te rmines  the interest  in the fi l trat ion of 

re laxing liquids in porous media.  

It has been shown [2 ] that elastic effects in porous media increase the fi l tration res is tances  in a s t eady - s t a t e  

flow as 1 + A(rv/r)  2, where v is the fi l tration rate,  r is the re laxat ion time, r is the pore average size, and  A is a 

constant  coefficient.  Viscoelastic effects that  occur in fi l tration in porous media have also been invest igated [3-5 ]. 

However,  in all these works, no considera t ion was given to the influence of the he terogenei ty  of a porous medium 

on fi l trat ion of re laxing liquids; therefore,  lhe results  of exper imenta l  investigations devoted to this problem are  

presented  here. 

The invest igat ions were carr ied out on a labora tory  setup that incorporated the following basic elements:  

a model of a bed,  a PVT bomb, a hydraul ic  press, an u l t ra thermosla t ,  and  measur ing ins t ruments .  

The  exper iments  were conducted according to the following scheme. 

A h igh-pressure  column, which was a hollow steel cy l inder  with quartz sand glued inside,  a working-por t ion 

length of 1.1 m, and an inner  d iameter  of 0.033 m, was filled with quartz sand,  depend ing  on the aim of the 

exper iment :  with a single fraction of ( 0 .314 -0 .25 ) .  10 -3  m, with a mixture  of fractions of ( 0 . 3 1 4 - 0 . 2 5 ) .  10 -3  m 

and ( 0 . 1 4 - 0 . 0 0 5 ) .  10 -3  m (a microhe te rogeneous  porous med ium) ,  and  in the form of layers  with different  

permeabi l i t ies  (a macroheterogeneous  porous medium; in the first series of exper iments ,  the l aye r -pe rmeab i l i ty  

ratio K 0 = 5), which was achieved using a separa t ing  part i t ion that was g radua l ly  removed with filling of the column. 

The  filling was carr ied  out by vertical vibrat ion compaction. 

In the porous medium, the pore volume and lhe air  permeabi l i ty  were de te rmined  by the known procedure  

(after binding of lhe ent ire  setup).  The  ai r  permeabi l i ty  was 0.12 ,urn 2 for the microhelerogeneous  porous medium 

and 3.0 #m 2 for the macrohelerogeneous  medium in all the exper iments ;  to compare the results ,  homogeneous  

porous media were selected,  respectively,  with permeabil i t ies  of 0.12 and 3.0/Lm 2. Then  the porous medium was 

vacuum-t rea ted  with constant  thermostat ic  control. 

In lhe PVT bomb, whose volume was 3.4 liter, we prepared the liquid in question: a d i lu led  po lyacry lamide  

(PAA)-based  polymer  solution, a water-oil  emulsion, and a gas-l iquid system in the subcri t ical  region [6 1. The 

resulls  of rotat ional  viscosimetry for the PAA and lhe emulsion are  given in Fig. 1. 

The f i l l ral ion rate as a function of the pressure drop was measured dur ing filtering. 

In Ihe first series of exper iments ,  we investigated filtration in the homogeneous and heterogeneous  porous 

media of waler,  the polymer  system, the waler-oi[ emulsion, and the gas-l iquid system in Ihe subcri t ical  region. 

The  basic forms of the dependences  obta ined  are shown in Fig. 2, from which it is evident  that in water  fi l tration 

(curve 1) in lhe homogeneous and helerogeneous media,  it is l inear in ,all cases (which also indicales  lhat for lhe 
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Fig. 1. Resul t s  of ro ta t iona l  v iscosimetry:  1) PAA solution; 2) water-oi l  

emulsion,  r/, Pa-sec ;  ):', 1/see.  

Fig. 2. AP (Pa) as a function of v (m/sec)  for: 1) water  in homogeneous  and 

he terogeneous  porous media;  2, 3) a re laxing liquid in homogeneous and 

he te rogeneous  porous media.  AP, Pa; v, m/see .  

f i l tration rates invest igated in the exper iments ,  no lurbul izat ion of the flow occurs).  For  motion of re laxing liquids, 

it is of a nonl inear ,  near ly  exponent ia l  charac te r  in the homogeneous medium (curve 2) and S - shaped  in the 

heterogeneous  porous media  (line 3). It is per t inent  to note that  in the microheterogeneous  porous medium,  despi te  

equali ty of the permeabi l i t ies ,  there  a re  high-  and low-permeabi l i ty  direct ions in each cross-sect ion [7 ]. 

To explain  the resul ts  ob ta ined ,  the S - shaped  curves were t rea ted  using asymptot ic  coordinates  18 ]. New 

coordinates  were de t e rmined  in the following manner:  Y = ( A P  - Z ~ P o ) / ( A P r  - z ~ P o ) ,  x = v . / v ~ ,  where AP, AP 0, 

and APoo are,  respect ively,  the current ,  init ial ,  and  final values of the pressure  drop; v and v~ are,  respectively,  

the current  f i l t rat ion rate and  the final f i l t rat ion rate. 

The  initial curves are  presented  in Fig. 3a, and the results  of the t rea tment ,  in Fig. 3b; they show the 

s imilar i ty  of the three curves (in the asymptot ic  coordinates ,  they are  all vir tually on one curve (see Fig. 3b)) ,  i.e., 

the processes a re  identical  in all the three cases. This is due to the fact that the s t ructural  e lements  that form these 

sys tems,  i.e., po lymer  balls ,  globules,  and  nuclei of the gas, have s imilar  sizes - 1 0 - 6 - 1 0  -7 m 16, 9 ,5]  - and 

elastic propert ies .  Therefore ,  the results  of re laxing liquid motion in the heterogeneous porous medium can be 

a t t r ibu ted  to the elastic proper t ies  of these systems.  When moving at a low velocity throught  a sys tem of pores of 

different  sizes rio point A, Fig. 2, curve 3, Newtonian flow with maximum Newtonian viscosity),  the liquid has 

time to relax (the re laxa t ion  time is smal le r  than the t rans ient  t ime);  the liquid shows practical ly no elast ic  

propert ies.  Once a cer ta in  threshold  velocity has been overcome (non-Newtonian  flow), the s t ructural  e lements  of 

the liquid have no time to relax,  changing their  shape in pores of different  size, and  elastic forces s tar t  to prevail 

over viscous res is tance forces,  which leads to an overall increase  in the resis tance of the medium (to inflection point 



Fig. 3. AP as a function v (a) and Y as a function of X (b) in filtralion in a 

heterogeneous porous medium: 1) PAA solution; 2) water-oil emulsion; 3) gas 

liquid system in the subcritical region. 

B, Fig. 2, curve 3). Then because of the weakening of intermolecular  bonds and the predominant  or ientat ion of the 

structural elements of the liquid along the lines of the current  [10], the resistance of the medium decreases and,  

after a certain threshold velocity (point C, Fig. 2, curve 3), there is again a Newtonian flow (with the minimum 

Newtonian viscosity) and Ihe AP - v dependence is linear. 

As has been noted above, for filtration of viscoelastic liquids, the resistance grows as 1 + A ( r v / r )  2 and the 

law of filtration correspondingly appears as [5, 11 ]: 

0 P r/0 
- v ( l  + A K c h ) ,  

0 x k 

where O P / O x  is the pressure gradient;  K c h  = r v / r  is a parameter  that characterizes the resistance of the system. 

Clearly the zXP - v dependences obtained by us are not described by this law. 

Thus,  the filtration of relaxing liquids in a homogeneous porous medium (Fig. 2, curve 2) can be described 

by a power law [ 12 ]; in this case, the cu~,e oblained is approximated bv the model: 

v = 0 . 9 5 A P  153 

As for a quantitative description of the S-shaped curves, the law of filtration can be written in Darcy 's  form but 

with a variable viscosity, dependent  on the parameter Kch:  

k 0t" 
V 

r l ( K c h )  Ox " 

By expanding the function r ] (Kch )  into a series we obtain 

q = q o ( a  + b K c h  + c K c h  2 ) ,  (l) 

i.e., with increasing velocity the effective viscosity can other grow or drop (since the velocity can have any sign), 

which occurs in the given case: up to inflection point of the S-shaped c u r v e ,  the effective viscosity grows (this was 

found in [2 ]), after which it starts to decrease. 

Then in view of (1) and assuming r = ,fkE-,4~ we write the law of filtration as 

1 2  - -  - -  
k 01 ~ 

I- 
2 2 Ox 

o,  w r,( c r v  ,n a +  + - -  

k 
q0 

t:inMly, we r e p r e s e n I  the law of filtralion for relaxing liquids of the given class as 
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TABLE 1. Calcula ted  Values of the Basic Parameters  of Fi l t rat ion of Relaxing Liquids in Porous Media 

Fi l t ra t ion of a polymer  solution 

homogeneous  porous medium 

k, ~- Y'0, vk, 
/~m 2 I / s e e  l / s e c  Kcho m/see  

4.7•  
3.0 100 470 0.33 I 0 -  s 

heterogeneous porous medium 

Fil t rat ion of a water-oi l  emulsion 

helerpgeneous porous medium 

/~, 5',~ #o, vk, /~, :% ~'o,, vk, 
2 pm l / s e e  l / s e e  Kcho m/see  um 2 . / sec  1/see Kcho m/scc  

1.17x 3 .7x  
3.0 I00 710 0.33 0 -  4 3.0 2.7 18 0.55 O- ~ 

1 [ 1 

OP by 2 3 (2) 
- -  - -  = ( I V  "k"  + C I :  . 

0 x 

The  S - s h a p e d  curves that  a re  obta ined  by us and arc  descr ibed by the single dependence  shown in Fig. 

3b can be app rox ima ted  with an er ror  of about 5% by the model: 

AP 0 = v ( 3 . 5 v -  2.5v2) , 

where AP 0 = APkl ;  kl = k/rll; l is the specimen length. 

It is per t inent  to note that the addi t ion  of quadrat ic  and cubic terms to the law of f i l trat ion is due to not 

only a be t te r  approx imat ion  of the A P -  v dependence  at the expense  of increasing the number  of empirical  

coefficients [12] but also to the physical  features of the fil tration. The l inear  term accounts for the governing 

influence of viscosity forces, the quadra t ic  term reflects that of the nonequil ibrium propert ies  of the f i l t rat ion flow, 

and the cubic term accounts  for the governing influence of mass t ransfer  between the high- and Iow-permcabi l i ty  

port ions (i.e., the governing influence of the propert ies  of the porous medium).  

Therefore ,  elast ic  proper t ies  of the re laxing liquids manifest  themselves in the heterogeneous porous media,  

which is expressed  in the rep lacement  of the power law of fi l tration by a S-shaped  one in going from a homogeneous  

porous medium to a he le rogeneous  medium. 

To confirm this reasoning,  we es t imated the critical shear  rate }'or beyond which elastic forces prevail over 

viscous forces and the crit ical value of Kch (Kcho), which were de te rmined  by us bv Malkin 's  procedure  113 1 on 

the basis  of data  of ro ta t ional  viscosimetry,  as well as of the shea r  rate ::'0 for which dynamic  equil ibr ium sets in, 

which is little dependen t  on the rate  of fi l tration (Newtonian flow with minimum Newtonian viscosity).  

The  shea r  rate  5'0 for which Newtonian flow sets in (the shear  rate that corresponds to the maximum 

Newtonian viscosity) was de t e rmined  by the formula: 

k' 

90 - m r '  

where r = vkT"c'/m is the average radius  of a pore channel ,  i.e., 

v r 
)'0 - -  - -  

q krnc 7 /: ~ '  

(3) 

Here F is the cross-sect ional  a rea  of the porous medium; c' is the crookedness  of the porous medium (it is equal 

to 1 for the homogeneous  medium and to 2.5 for the heterogeneous media}. 

Clcar ly ,  de te rmina t ion  of the average radius  of the pore channels  and the average shear  rate from formula 

(3) is approximate ;  however,  it enables  us to correlate  rotat ional  viscosimelry data to the invest igat ions in the 

porous medium. Thc  results  of calculat ions for some exper iments  are  presented  in Table  1, from which it is evident  

that da ta  of the exper iments  agree  with the calculations.  Thus ,  for the polymer  solution {see Fig. 1, curve 1), 

Newtonian flow sets in when Y0 > 450 1/sec,  and for the water-oil  emulsion (curve 2), when,;,0 > 15 l / s e e ,  which 

confirms the above quali tat ive explanat ion  of the process. 
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Fig. 4. AP,  as a function of v, (a) and Yas  a function of X (b) for a variable 

ratio of layer  permeabi l i ty  K0: 1) 5.0; 2) 7.5; 3) 10.0; 4) 20.0; 5) 30.0; 6) 1.0. 

Notewor thy  is the exper imenta l  fact obta ined by us that a solution of aspha l tenes  with molecu la r -o rder  

s t ructural  e lements  [14 I, despi te  its viscosity as a function of velocity being s imilar  to the dependences  shown in 

Fig. 1, for f i l t rat ion in the heterogeneous porous medium (the average pore size is equal to 10 - 5 -  10 -6  m, i.e., it 

is cons ide rab ly  la rger  than the s t ruc tura l  e lements  of the liquid) has a power- law ra the r  than an S - shaped  

AP - v dependence .  

Next,  in the second series of the exper iments ,  we de te rmined  the influence of the ratio of the layers  of a 

macroheterogeneous  bed on the AP - v dependence.  The results  of the exper iments  are  given in d imens ionless  

coordinates  (see Fig. 4a), where AP.  = A P / A P = , ,  v. = v/vr As the figure shows, with an increase  in K 0 to 10 the 

area under  the S - shaped  curves decreases  and then s tar ts  to grow again,  approaching curve 1, which accounts for 

the f i l t rat ion in the homogeneous  porous medium. The  result  ob ta ined  becomes c lear  unde r  the hypolhet icaI  

assumption of impermeabi l i ty  of one layer.  Trea tment  of the obta ined curves in asymptot ic  coordinates  also showed 

their  s imi lar i ty ,  i.e., a l ter ing the condit ions did not lead to a quali tat ive change in the process (Fig. 4b).  

Therefore ,  the results  obta ined permit  the following conclusions: 

1. In fi l trat ion of re laxing liquids (whose viscosity decreases  with an increasing shear  rate according to a 

power law) in porous media ,  the character  of the AP - v dependence  changes from power for a homogeneous  porous 

medium to S - shaped  for macro-  and microhelerogeneous porous media.  Elastic propert ies  of the re laxing  liquids 

appear  in f i l t rat ion in the heterogeneous porous media.  Allowance for this effect will enable  us to improve the 

efficiency of appl icat ion of re laxing sys tems in technological processes.  

2. We proposed empirical  dependences  AP = f (v)  for this class of relaxing liquids in homogeneous  and 

heterogeneous porous media  that can be used in practical calculations.  

3. The ratio of the permeabi l i t ies  of the high- and low-permeabi l i ty  portions of a he terogeneous  porous 

medium has a substant ia l  effect on the quanti tat ive indexes  o[- the AP - v dependence .  

The  authors  express  their  deep grat i tude to Academician A. Kh. Mirzadzhanzade  for valuable advice and 

anent ion  to the work. 

N O T A T I O N  

(2, flow rate of the liquid; r], effective viscosity; r/0, maximum Newtonian viscosity; K, permeabi l i ty ;  m, 

porosity; K0, permeabi l i ly  ratio of layers;  r, average size of pore channel ;  '/)or, critical shear  rate; i'o, shea r  rate at 

which Newtonian flow sets in again.  
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