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The cause  of the di f ference between the total  s {geometric) and "effect ive"  Sef (hydrody-  
namic) po ros i ty  of g ranu la r  media  is es tabl i shed.  

One of the unsolved p r o b l e m s  in the invest igat ion of the hydrodynamics  of g ranu la r  media  is the eva l -  
uation of the par t ic ipa t ion  of the volume of the in t e rg ranu la r  void V v in the invest igated p r o c e s s .  The m a -  
jor i ty  of inves t iga tors  p r e s u m e  that  all  i ts e lements  par t ic ipa te  equally in the percola t ion  p r o c e s s  and in 
hydrodynamic  calculat ions take the ent i re  magnitude of the in t e rg ranu la r  poros i ty  of the l aye r  

s = V v / V  z . (1) 

In the opinion of others.  [1-5] it is  n e c e s s a r y  to take account  of the e f fec t iveness  of the par t ic ipa t ion  
of the in t e rg ranu la r  volume in percola t ion ,  in connection with which Vef~ should be less  than V v and in ca l -  
culations it is n e c e s s a r y  to use  the quantity 

The exis tence  in the in t e rg ranu la r  void of stagnant zones not par t ic ipat ing  in perco la t ion  is the mos t  
f requent  suggest ion to account for  the occu r r ence  of eel .  However ,  to date this assumpt ion  has been open 
to dispute owing to the lack  of convincing exper imen ta l  data allowing the magnitude of this effect  to be 
judged. In our opinion, the poss ib i l i ty  of i ts  exis tence  can be var i f ied  indirect ly  by compar ing  the p e r c o l a -  
tion conditions in a g ranu la r  medium with fluid flow through a cap i l l a ry  having a spher ica l  en la rgement  
where  s tagnat ion is obse rved .  F o r  this purpose  we inves t igated four  cap i l l a r ies  of the same  length (L = 100 
ram) and d i ame t e r  (d = 1.43 ram).  Th ree  cap i l l a r i e s  had a spher i ca l  en la rgment  in the middle of d i ame te r  
D S = 6, D 2 = 9, and D i = ][2.7 ram,  r e spec t ive ly .  Stagnation of wa te r  in the spher i ca l  en la rgement s  was con-  
f i rmed  by d i rec t  visual  observa t ion :  they were  f i r s t  fi l led with t r anspa ren t  water  and then a colored flow 
was p a s s e d  through the capi l la ry ;  within a ce r t a in  t ime per iod  this flow pene t ra ted  the spher ica l  en l a rge -  
ment  as  a co lored  "rod,  '~ the unaffected t r anspa ren t  wa te r  remain ing  around the p e r i p h e r y .  A c h a r a c t e r i s -  
tic fea ture  of fluid flow in such cap i l l a r i e s  is the unusual type of graphica l  dependence Q = f(Ap), which in 
the l amina r  flow region is e x p r e s s e d  not by sloping s t ra igh t  l ines but in the fo rm of cu rves ,  as shown in 
Fig .  i .  We see  f rom Fig.  1 that the cu rves  in the region of sma l l  Ap have r ec t i l i nea r  b ranches  located above 
the sloping s t ra igh t  line for  the fourth cap i l l a ry ,  which does not have a spher ica l  en la rgement .  On inc rease  
in Ap the l ines change into cu rves  toward the side opposite to the effect of the turbulent (inertial) f o r ce s .  
The l a r g e r  the spher ica l  en ia rgement ,  the g r e a t e r  the deviation of the curve  f r o m  the r ec t i l i nea r  branch.  
These  cu rves  were  obtained in an invest igat ion of a Newtonian fluid - oil with a v i scos i ty  of 1.9659 N �9 sec 
/ m  2 (t = 20~C); the invest igated cap i l l a r i e s  were  subst i tuted for  the usual  cap i l l a r i e s  in a constant  f low- 
ra te  cap i l l a ry  v i s c o s i m e t e r  [6]. 

The i nc r e a s e  of the throughput of the enlarged cap i l l a r i e s  (curves 1-3) in the region of smal l  Ap (in 
compar i son  with the throughput of the unenlarged cap i l l a ry  4 for  the same  Ap) can be explained by the lack 
of adhesion of the fluid to the cap i l l a ry  walls when the fluid "rod" is pass ing  through the spher ica l  en l a rge -  
ment .  The deviat ion f rom the s t ra ight  l ines g raphica l ly  depicting the dependence Q = f(Ap) for  inflated cap i l -  
l a r i e s  apparen t ly  a r i s e s  because  the c r o s s  sect ion of the fluid "rod" begins to expand as it en te r s  the s p h e r -  
ical  en la rgement ;  this effect  becomes  apparent  only at apprec iab le  Ap. 
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Fig ~ 1. Dependence Q = f (~p) for  
fluid flow throughthe  inves t iga ted  
cap i l l a r i e s  (Q, cm3/sec ;  Ap, N 
/m2). 

Thus ,  it follows f r o m  the expe r imen ta l  r e su l t s  that s t agna-  
t ion of the fluid in the channels  can be detected by analyzing the 
graphica l  dependences Q --f(Ap) which, even before  the t rans i t ion  
to the turbulent  region,  should be c h a r a c t e r i z e d  by a deviat ion 
f r o m  the s t ra igh t  l ines toward  an intensif ied i nc rea se  of Q as Ap 
i n c r e a s e s .  However ,  no such deviations a r e  found in inves t iga -  
t ions of the analogous dependence for  g ranu la r  media  and, before  
the effect  of ine r t i a l  f o r c e s  appea r s ,  the r ec t i l i nea r  D a r c y ' s  law 
holds.  On the bas i s  of this we can conclude that stagnant zones 
not par t ic ipa t ing  in pe rco la t ion  do not exis t  in r e a l  g ranu la r  media ,  
although the i n t e rg ranu la r  volume is c h a r a c t e r i z e d  by c o n s t r i c -  
t ions and en l a rgemen t s .  This  is because  the expansions in a g r a n -  
u la r  medium communica te  with one another  in different  d i rec t ions  
by means  of s e v e r a l  na r row  p a s s a g e s ,  so  that  the different ly  di -  
r ec ted  fluid th reads  involve p rac t i ca l ly  the en t i re  volume of the 
i n t e rg ranu la r  expansions in perco la t ion  even at sma l l  Ap. How- 
eve r ,  the equal i ty eef = e st i l l  does not follow f r o m  this ,  s ince 
d i f fe rences  in the degree  of e f fec t iveness  of the par t ic ipa t ion  of 
wide and na r row  p o r e s  in pe rco la t ion  can a lso  lead to its d i s rup -  
t ion.  Thus ,  the flow veloci ty  in wide po res  should be cons iderab ly  
l ess  than the flow veloci ty  in na r row p o r e s .  In connection with 
th i s ,  the par t ic ipa t ion  of the volume of in t e rg ranu la r  voids a c -  

counted for  b y  wide pores  in perco la t ion  will be cons ide rab ly  l ess  effect ive than the par t ic ipa t ion  of voids 
accounted for  by na r row  p o r e s .  F o r  a quanti tat ive evaluat ion of the indicated effect  we will cons ider  the 
case  of a s teady flow around cyl indr ica l  obs tac les  having axes  pa ra l l e l  to each other and perpendicu la r  to 
the d i rec t ion of the flow. This  type of flow will be plane,  which is convenient when examining the force  pa t -  
t e r n  of pene t ra t ion  through a g ranu la r  medium,  and at the s ame  t ime  will  be c h a r a c t e r i z e d  by a var iab le  
c r o s s  sec t ion ,  as is  obse rved  in a r e a l  g ranu la r  med ium.  

We will analyze two ca se s  qf the a r r a n g e m e n t  of the cy l inders  - hexagonal  and square  (Fig.2);  the 
hydraul ic  flow through them is taken to be potent ial  ( ro ta t ion of ve loci ty  is absent) and to be desc r ibed  by 
the Laplace equation.  Then,  in conformi ty  with f ield theory  and the theory  of functions of a complex var iab le  
[7, 8], we can r e p r e s e n t  the s t ruc tu re  of the flow by cons t ruc t ing  s t r e a m l i n e s  and l ines of equal potent ial  
(equipotential l ines) .  On the bas i s  of a f o r m a l  ma thema t i ca l  analogy between the equations of hyd ro -  and 
e l ec t rodynamics  we can cons t ruc t  the s a m e  such net a l so  for  an e lec t r i c  cu r ren t  in a plane conducting m e -  
dium.  Fo r  the unit ce l ls  of the hexagonal ly  a r r a n g e d  cy l inders  the nets  were  cons t ruc ted  by the g raphica l  
method [9]. F o r  the square  a r r a n g e m e n t  we cons t ruc ted  the nets exper imenta l ly  by determining the eqnlpo-  
tent ia l  l ines of an e lec t r ic  f ield in an e lec t ro ly t ic  cel l  by the e lec t ro ly t i c  tank method [10 ] . .Fo r  the hexa -  
gonal a r r a n g e m e n t  of the cy l inders  the unit ce l l  will be a rec tang le  with s ides  a and L = a ~r3; for  the square  
a r r a n g e m e n t  it will be a square  with side L.  The nets  obtained for  these  cel ls  a r e  shown in Fig .  3. As we 
see  f r o m  Fig .  3, the cu rv i l inea r  squa re s  fo rming  the net have different  s i ze s ,  although the condition of the i r  
hydrodynamic  equivalence was fulfi l led in const ruct ing them.  In cons t r i c t ed  sec t ions  the hydrodynamic  
squa re s  a r e  s m a l l e r  in a r e a  than in en la rged  sec t ions ,  which is a c l ea r  ref lec t ion  of the higher e f fec t ive -  
ness  of the par t ic ipa t ion  in pe rco la t ion  of the cons t r i c ted  sec t ion  as compa red  with the enlarged zone of the 
channel .  

F i g . 2 .  Unit ce l l s  in the case  of a hexagonal  ~) and square  
(b) a r r a n g e m e n t  of the cy l inders .  
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Fig.4. Relative permittivity Rel 
/R Z of unit cells as a function of 
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and as a hexagon (4-7); i) experi- 
ment; 2) calculated by Eq. (7a); 3, 
4) by Eq. (6); 5) by Eq. (7); 6) ex- 
periment; 7) taken from [9]; 8) 
constructed according to [9]; 9) 
according to [8]. 
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Electric force field of unit cells for hexagonal (I) 
and square (if) arrangement of the cylinders. 

For  a quantitative evaluation of the effect of constr ic t ions 
and enlargements  of the flow, we will determine its tor tuosi ty  f rom 
the tor tuosi ty  of unit tubes of force (of the type ABCD in Fig.  3) and 
the c ros s  section normal  to the tortuous flow f rom the length of the 
equipotential lines (of type MN in Fig.  3). 

To determine the tor tuosi ty of the flow, we measured  at f i rs t  
the lengths Ltor .  i of the axes of the unit tubes of force ,  the number 
of which was z. Then we calculated the ar i thmetic  mean values of 
Lto r and the rat io L t o r / L .  To determine the c r o s s  section of the 
flow normal  to the tortuous tubes of force ,  we measured  the extent 
of the equipotential lines, the number of which was w, and calculated 
the ar i thmetic  mean length a• and the rat io a• (for unit cells of 
the square packing of the cyl inders  L = a). 

The rat ios  L t o r / L  and a• obtained thereby for  each field 
(Fig. 3) are  presented in Table 1. On the basis  of these resul ts  we 
determined the values of eef, which for the two-dimensional  p rob-  
lem can be calculated by the equation 

Lto r a~ (3) 
~'ef == - - -  L a 

As we see from Table i, in all investigated cases the values 
of eef were less than the values of e calculated by the usual method. 

The greater the difference between the wide and narrow section, the more eef differs from e. Thus we can 
conclude that, when substituting porosity values into hydrodynamic equations, it is necessary to take into 
account the characteristics arising in the intergranular void during percolation: different elements of the 
intergranular void participate in percolation with a different effectiveness, and so it is necessary to sub- 
stitute the quantity eef and not e into hydrodynamic equations. Hence it is reasonable to call the value of 
eel the hydrodynamic intergranular porosity and e the geometric intergranular porosity. 
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TABLE 1. 
of Packings of Cylindrical  Bodies 

Geometr ic  and Hydrodynamic Charac te r i s t i c s  

Type of packing of Hexagonal Square 
cylinders 

0,597 0,250 

1,195 1,260 

0,468 0,176 

0,520 0,222 
0,870 0,890 

0,720 

1,061 

0,567 

0,624 
0,860 

0,433 

1,080 

0,295 

0,319 
0,736 

8 
L ,tor 

L 
a• 
a 

ee;f 
b3e ~c/g 

0,272 
1,050 

0,114 

0,120 
0,440 

In concluding our analysis  of Fig.  3, we should note that when determining eef from the force field it is 
desirable  to have a "density" of the hydrodynamic net such that its fur ther  "compaction" would have p r a c -  
t ical ly no effect on the ar i thmetic  mean values of a .  and Lto r .  The fields presented in Fig.  3 do not claim 
to be such a case,  although they a re  close to it. They serve  p r imar i l y  to i l lustrate convincingly the causes  
of the decrease  of the hydrodynamic eef with respect  to the geometr ic  e. 

We will verify the values of L t o r / L  , a•  and eef given in Table 1. For  this purpose we represent  
the unit cells shown in Fig.  3 in the form of electrolyt ic  tanks and fill them with e lect rolyte .  We will ex-  
p r e s s  the e lec t r ica l  res i s tance  R l of the tanks in t e r m s  of the tortuous path of penetrat ion Lto r and c ross  
sect ion normal  to the tortuous flow a•  assuming in so doing that the cyl indrical  inclusions are  e lec t r ica l ly  
nonconducting. This res i s tance  is 

L,~or (4) 
Rz = P - -  

a• 

Without cyl indrical  inclusions these same tanks will have res i s tance  

Rel = p - -  

The relat ive permit t ivi ty  of the ceils will be equal to 

Rel 
Rl 

L (5) 
a 

Lax (6) 

Ltor a 

Then, substituting the values of Table 1 into (6) we can calculate the values of ReI /R/ .  Now we compare  
them with the values which can be obtained also by calculation on the basis  of the rat io of the number of 
tubes of force z to the number of equipotential lines w, as was done in [9]. For  the hexagonal a r rangement  
of the cyl inders  

Rel  _ z V s  (7) 

and for the square a r rangement  

Rel/Rz = z/~v. 

Moreover ,  for an additional compar i son  the rat ios  Rel /R l were determined experimental ly  in electrolyt ic  
tanks duplicating the contours of the unit ceils shown in Fig.  3. We measured  Rel and R l by means of an 
ac bridge at f requency 5000 Hz. Thus,  for each e of Table i we determined the values of ReL/R / three t imes 
in a different way, which, in addition to a compar ison  with each other,  were compared also with the exper i -  
mental  data obtained in [9] (in [9] K r -- Re l /R/ )  and were also checked by the analytic Ray le igh-Runge  fo r -  
mula [11, 12] which has the form 

Re~. = I - -  2p (8) 
R I 1 + p--O.306p 4 - 0 - 0 1 3 /  ' 

where p = i-e. 

The results of determining Rel/R / and their comparison with each other are presented in Fig.4. We 
see from Fig.4 that when p < 0.4 the values of Rel/R / both for the square and for the hexagonal arrange- 

ment of the cylinders are practically the same. 
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The results begin to diverge with an increase of p > 0.4. For the square packing the calculated (by 
Eqs. (6) and (7a)) and experimental points agree well with the Rayleigh-Runge formula. For the hexagonal 
arrangement of the cylinders the points obtained from Eqs. (6) and (7) and by experiment agree well with 
one another and with the experimental data [9]. They are located near a curve obeytngtthe expression ob- 
tained on eliminating terms with higher powers of p from the Rayleigh-Runge formula, i.e., 

Rel - 1 2p (9) 
R) l + p  

Thus the data of Table 1 illustrating the inequality between e and ~ef are confirmed by several indepen- 
dent methods. 

V l 
V v 
eef,v 

= Vv/V / ; 

r 
eef = Vef. v /V l  ; 
L 

Ltor 
Ltor/L 

a k 

R l 

Rel 

Rel/R / 
P 
Ap 

NOTATION 

is the volume of the porous specimen (layer); 
is the total volume of the intergranular voids of the porous specimen; 
is the effective volume of the intergranular voids of the porous specimen; 
is the total intergranular porosity; 

is the effective intergranular porosity; 

is the length of the porous specimen or the unit cells along which penetration is di- 
rected; 
is the length of tortuous path of penetration in a unit cell or in a porous medium; 
is the tortuosity; 
is the transverse dimension of the unit cell; 
is the arithmetic mean length of equipotential lines in a unit cell; 
is the electrical resistance of an electrically nonconducting porous specimen (layer) 
on filling its pores with electrolyte; 
is the electrical resistance of the electrolyte poured into the tank from which the 
porous specimen has been removed; 
is the relative permittivity of the porous specimen; 
is the specific resistance of the electrolyte; 
is the pressure drop. 
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