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The hydrodynamic  c h a r a c t e r i s t i c s  of loose  granular  media  a r e  studied exper imenta l ly ,  with 
due al lowance for  pa r t i cu l a r  a spec t s  of the po re  space  s t ruc tu re  (the sinuous na ture  of the 
paths  of  pene t ra t ion  and the efficiency with which the in te rg ranu la r  spaces  take p a r t  in f i l -  
t ra t ion);  the r e su l t s  show that Z Re ~ 80, up to Reynolds numbers  of Recr  ~ 5. 

Cons idera t ion  of the fundamental  laws of hydrodynamics  - the N a v i e r - S t o k e s  equations - shows that 
t he  energy  loss  ( p r e s s u r e  drop Ap) in a s t eady- s t a t e  flow is de te rmined  by the fo rces  of internal  f r ic t ion 
(viscosity) and the iner t ia l  f o r ce s ,  o r  Ap = Apv + Api. When the viscous  forces  p redomina te  Api is neg -  
l igibly smal l ;  hence any i nc r ea s e  in p r e s s u r e  is accompanied  by a d i rec t ly  propor t iona l  i nc r ea se  in the r a t e  
of flow W; this occur s ,  for  example ,  in the flow of liquids or  gases  through tubes. This  fo rm of flow is r e -  
f lected in the wel l -known express ion  f o r  the coeff icient  of local  r e s i s t a n c e  ~ in t e r m s  of the Re number ,  
which takes the fo rm 

L = 64/Re ~ (1) 

in the range  Re < 2300. However ,  opinions di f fer  when f i l t ra t ion through a porous  medium is considered.  
Some r e s e a r c h  w o r k e r s  [1, 2] a s s u m e  that the conditions of Filtration in a porous  medium a r e  re f lec ted  by 
the express ion  

= C/Re, (2) 

where  C is a constant  number  differ ing f rom 64 as  a r e su l t  of the cu rva tu re  of the channels in the porous  
med ium,  noncyl indrical  c ro s s  sec t ion  of these channels ,  and the influence of the expansion and contract ion 
of the channels on their  pe rmeab i l i ty .  

Other  r e s e a r c h  w o r k e r s  [3] consider  that the conditions of f i l t ra t ion a r e  m o r e  accura te ly  r e p r e s e n t e d  
by a t w o - t e r m  expres s ion  of the fo rm 

= C/Re + B, (3) 

in which the second t e r m  re f l ec t s  the influence of the iner t ia l  forces  and is quite percep t ib le  for even the 
lowest  f i l t ra t ion r a t e s .  The ma jo r i t y  of w o r k e r s  adopt an in te rmedia te  posi t ion in this r e spec t ,  but the i r  
many  de te rmina t ions  of R e c r  yield ve ry  different  r esu l t s  [4-12]. This is because ,  in a granular  medium,  
the t rans i t ion  f rom the l a m i n a r  to the turbulent mode of flow takes  p lace  in a much smoothe r  manne r  than 
in tubes.  The r easons  a r e  as follows. F i r s t ly ,  there  a r e  a l a rge  number  of channels with di f fer ing c r o s s  
sect ions  in a granular  med ium;  secondly,  considera t ign of the f i l t ra t ion p r o c e s s  as an "external"  h y d r o -  
dynamica l  p rob l em  indicates  that,  when a flow p a s s e s  around the pa r t i c l e s ,  the iner t ia l  t e r m s  de te rmin ing  
the nonl inear i ty  of the flow si tuat ion tend gradually to zero  with diminishing veloci ty ,  r a t he r  than vanishing 
suddenly when a c r i t i ca l  ve loci ty  is reached.  Hence,  when studying a granular  med ium,  we may  only speak 
of a "p rac t i ca l "  value of the ave r age  Reynolds number ,  up to which the r e s i s t a n c e  law may  be r ega rded  as  
app rox ima te ly  l inear .  

Analys i s  of the exper imen ta l  data in [13, 14] shows that the A p / L W  = f(W) re la t ionship  m a y  be r e p -  
r e sen ted  by  a broken  s t r a igh t  l ine (which is obtained repea ted ly  under different  exper imenta l  conditidns),  
as  i l lus t ra ted  in Fig. 1. The r e su l t s  p resen ted  in Fig.  1 suggest  that ,  in a granular  medium,  as  in a tubular  
conduit,  the f i l t ra te  m o v e s  in a viscous  manner  at  low f i l t ra t ion ve loc i t ies ,  with hardly  any iner t ia l  fo rces .  
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Fig.  1. Exper imenta l  data [13, 14] for  shot cha rges  of the 
following d imens ions :  1) 1.6-1.5 m m  (fi l trate ke rosene ,  ex-  
p e r i m e n t  No. 41); 2) 1060-900 # (f i l t ra te  ke rosene ,  e x p e r i -  
men t  No. 42); 3) 1.6 m m  (fil trate k e r o s e n e - o i l  mixture) ;  4) 
1.4 m m  (f i l t rate  kerosene) .  Cases  i and 2 r e f e r  to [14], 
cases  3 and 4 to [13]. 

This  mode  of f i l t ra t ion  is r e p r e s e n t e d  by the horizontal  s t r a igh t  l ines in Fig. 1; these  only t r a n s f o r m  into 
inclined l ines  a f t e r  reach ing  a ce r t a in  c r i t i ca l  veloci ty  Wcr  - a t  the b r eak  in the s t ra igh t  line. Thus for 
W < Wcr  an expres s ion  of type (2) should be valid,  and for  W > Wcr ,  when the effect  of the iner t ia l  fo rces  
becomes  a p p r e c m b l e ,  an exp re s s ion  of type (3). 

In o r d e r  to e s t i m a t e  the quantit ies C,  Re,  and ;~, we used  the appara tus  i l lus t ra ted  schemat ica l ly  in 
Fig.  2. Af te r  f i r s t  weighing and de te rmin ing  the specif ic  g rav i ty ,  the t es t  l aye r  of  loose  m a t e r i a l  was 
poured into the t r a n s p a r e n t  cyl indr ica l  p a r t  of column 1. The inside a r e a  of the column was A = 100 cm 2. 
We m e a s u r e d  the height of the l aye r  L and calculated the inter  granular  poros i ty  e .  Then we pa s sed  a i r  
through the l a y e r  by means  of the a i r  b lower  2 and r ece ive r  3, m e a s u r i n g  the f i l t ra t ion veloci ty  W with a 
gas counter  4 and the loss  of  head Ap with a m a n o m e t e r  5. Af te r  m e a s u r i n g  Ap for  var ious  W, an  e lec t rode  
7 was p laced  on the uppe r  plane of the l aye r  and the column was slowly filled f rom the bot tom with an e l e c -  
t ro ly te  pas s ing  through the funnel 8. Fo r  this pu rpose  a vacuum was f i r s t  es tabl i shed in the column. The 
e lec t rodes  7 we re  connected to a f o u r - a r m e d  ac  m e a s u r i n g  br idge  working at  a f requency of 5000 cps.  In 
this way we m e a s u r e d  the e lec t r i ca l  r e s i s t a n c e  R l of the l aye r  consis t ing of nonconducting p a r t i c l e s ,  the 
i n t e rg ranu la r  p o r e s  of which w e r e  filled with the e lec t ro ly te .  In o rde r  to de t e rmine  Rel,  the m a t e r i a l  was  
r emoved  f rom the column,  the e l ec t rodes  w e r e  p laced as  be fo re ,  and the columrL was filled with the e l e c -  
t ro ly te  only, the r e s i s t a n c e  of this being m e a s u r e d  a t  the s a m e  t e m p e r a t u r e  as  before .  As subjec ts  for  
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Fig.  2. A r r a n g e m e n t  of the exper imenta l  appara tus :  1) column; 
2) a i r  b lower ;  3) r e c e i v e r ;  4) gas counter ;  5) different ia l  m a n o -  
m e t e r ;  6) m e r c u r y  t h e r m o m e t e r ;  7) e lec t rodes  (grids);  8) funnel. 
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Fig. 3. Dependence of the relative e lectr ical  
permeability Rel /RI  on the compaction of the 
charge p. 1) cubes; 2) cylinders; 3) disks; 4) 
spheres of many sizes; 5) spheres of a single 
size; 6) crushed marble (1-5 from [15]; 6, 
authors' own results); 7) ~0 = 0.5; 8) 0.8; 9) 
0.9; 10) 1.5. 

study we chose loose charges formed by particles of regular geometrical shapes (spheres, cylinders, cubes, 
and disks), and also particles of irregular shape obtained by crushing marble and then classifying it by 
means of sieves. The results of our determinations of Rel /R/  for various e are illustrated graphically in 
Fig. 3, which also shows some points taken from [15]. A mathematical description of the relationship Rel 
/ R l  = f(P), where IP = 1 - e  I, was proposed by Ray!eigh for cubically packed spheres [16]: 

R r  1 -  3P (4) 
R I 2 + P ~ 0.392pto/3 

Maxwell [17] proposed another expression for spheres 
R e l  1 -- P 
R l  1 § O.5P 

In Eq. (4) the character of the cubic arrangement is reflected in the quantity 0.392 p10/3. 
(4) transforms into (5). 

For particles of irregular shape Frieke proposed the introduction of a form factor r into (5); for 
spheres this should be equal to 0.5. Then according to Fricke 

Rel 1 -- P e 
- -  = ~ .  ( 6 )  

Rl 1 ~ r  3~ l+q~P 

When the shape of the particles deviates from spherical cp increases [19, 20]. However, Eq. (6) fails 
to reflect the effect of the arrangement of the particles on the relative electrical permeability I Rel /R/ I ,  as 
does (4). Allowing for all the foregoing considerations, for a random arrangement of irregular particles 
we introduced a form factor ~ into (4), with the empirical value 0.2pi~ instead of the analytical 0.393 
p10/3. Then for random charges of particles of any shape 

Re.___l= 1 3P . (7) 

R z 2 -~- ~P - -  O,2P ~~ 

We see from Fig. 3 that for different r Eq. (7) agrees satisfactorily with experimental data over 
a wide range of values of p. 

( 5 )  

If we neglect this, 
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Fig. 4. Dependence of the surface co- 
efficient ~ on the relative form factor 
of the particles ~0': 1) cubes; 2) cylinders; 
3) disks; 4) spheres. 
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T A B L E  1. In i t ia l  Data  and Resu l t s  of  Our  D e t e r m i n a t i o n s  of R e c r  
and ~ Re 

~1 Dimen- 
Shape Material sions, mm 

5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
I6 
t7 
18 
i9 
20 
21 
22 
23 
24 
25 
26 

1 
2 
3 
4 

Spheres 

:ylindei 
Disk 
Disk 
Disk 

Irregular 

Lead 
Glass 

Peas 
Polystyrene 
Glass 
Polystyrene 

Lead 

Glass 
Polystyrene 
Polyethyl 

i 

i Marble 

6,10 
2,63 
5,93 
3,78 
2,30 

5,4--1,9 
1,60 
1,40 
I, 20 
0,95 

~33,8• 
~2,7X4,6 
~3,9x2,0 

3,98 
3,00 
4,50 

Note: 1. Initial data Nos. :-13 taken from[13]. 2. In experiment No 
of the filtrate t~ = 5.05.10 -s in No. 12 2.59.10 "2 P. 

I L, IS, eeff ~1;. NIIWc"i;c~ ~ I 

0 370 9 8 0 3i2 I ,08 1,29 15,3617 ,4 
0:387125:0122:810:3291 2,33 4,26173,8 
0,369 [30,0110, II 0,3111 :~ 1,34 [5,40178,5 
0,38315o,ollo,110,32511,o7 1,30 [5,32185,8 
0,397 124,5115,81 0,340 I 1,92 [5,12176,4 
0,379 127,2i26,110,321 I 2,67 4,20183 0 
0,385 155,0i22,81 0,327 1 2 92 5 30!71 '0 
0,364 1 137,510,3061 ~ 0,84 14:5866 5 
0 364 I 37 510 306 1,I0 3,38167 0 
0:359 145 ol4 :71 ~176 l, o 0,96( 4,68!68'7 
0,354 ' [50,0 0,29'7 ' ~ 2,70 5,55~70'9 

1 14 4 58!72'4 
0,3501 63,1 0,293 1:66 ]4'88'68'2 
0,390 21,8 13,210,306 t 1,67 1512117915 
0,396 54,5 19,4 0,312tl 2,50 t5,37 78,3 
0,399156,320,4 0,315 '. 3,00 16,16 72,t 
0,4t2 54,0"15,1 0,319 1 2,08 .5,94 70,4 
0,479133,0132,8t 0,3401 ! 3,58 14,9C 77,7 
0,510 54,5t21,810,370 3,33 7,l~ 72,8 
0,499111,5114,010,359t 2,17 7,0~ 77,8 

6,00 0,503 146,0113,11 0,363 l1 ~ 2,03 , ,12 80,5 
0 481 40 0 16,4 O 343 :~ 2,67 17,35 82,7 
0 512 19'31I 6/0'372 1,68 6,8C76,0 

8,50 0,494125:o11116] 01355[ 1,71 16,7~ 77,6 
0,389 41,5126,4 i 0,260 h 4,17 6 5C 74,5 

3--12,5 0,403 20,027,5 0,272J" 2,75 4:1379,3 
11 the viscosity 

F r o m  the va lue  of q0 we m a y  a l so  def ine  a s u r f a c e  coe f f i c i en t  ~ for  bod ies  of  r e g u l a r  g e o m e t r i c a l  
s h a p e .  T h i s  coe f f i c i en t  equals  the r a t io  of  the ac tua l  spec i f i c  s u r f a c e  a r e a  of the body Stru  to the nomina l  
spec i f i c  s u r f a c e  a r e a  Snore c a l c u l a t e d  f r o m  the v o l u m e  of the body on the a s s u m p t i o n  tha t  i t  ha s  a s p h e r i c a l  
shape .  

C l e a r l y  fo r  a s p h e r e  this r a t i o  (or  s u r f a c e  coe f f i c i en t  ~) is equal  to unity.  F o r  a l l  o the r  s h a p e s  the 
r a t io  should  be  g r e a t e r  than  unity.  L e t  us  now in t roduce  a r e l a t i v e  p a r t i c l e  f o r m  f a c t o r  ~ ' ,  for  a l l  t he se  
shapes  of  body ,  ind ica t ing  how m a n y  t i m e s  the  ~ of the shape  unde r  c o n s i d e r a t i o n  e x c e e d s  the ~ of a s p h e r e .  
We m a y  g e n e r a l i z e  a l l  this  as  fol lows:  

Shape Sphere  C y l i n d e r  D i sk  Cube 

~p 0.5 0.8 0.8 0.9 
q0 ' =  q0/0.5 1.0 1.6 1.6 1.8 

1.0 1.2 1..2 1.245 

On the b a s i s  of  t h e s e  da ta  we  m a y  p lo t  the graph  i l l u s t r a t e d  in Fig .  4, which ind ica tes  that  the ~ = f((p') r e -  
l a t ionsh ip  is  in f ac t  l i n e a r  up to ~o' = 1.8. If  we  subsequen t ly  a s s u m e  the l i n e a r i t y  of  this r e l a t i o n s h i p ,  we  
m a y  d e t e r m i n e  L fo r  any  o t h e r  s h a p e s  of p a r t i c l e  by  d e t e r m i n i n g  the i r  e x p e r i m e n t a l  va lue  of ~. I t  is  then 
quite easy to calculate the specific surface area for these particles 

S = ~ . ; .  (8) 
d 

Th i s  m e t h o d  does  not  depend  on the  h y d r o d y n a m i c s  of the l a y e r ,  which  is  an  i n d i s p e n s a b l e  condi t ion  in e s t a b -  
l i sh ing  h y d r o d y n a m i c  l aws .  

T h e  r e s u l t s  of  ou r  i nves t i ga t i ons  into the r e l a t i v e  e l e c t r i c a l  p e r m e a b i l i t y  of  v a r i o u s  c h a r g e s  i l l u s -  
t r a t e d  g r a p h i c a l l y  in F ig .  3 a l s o  enab les  us to c a l c u l a t e  the e f fec t ive  i n t e r g r a n u l a r  p o r o s i t y  r  and the 
s inuos i t y  ( tor tuos i ty)  L s i n / L  of the  pa ths  of  p e n e t r a t i o n  f r o m  the e x p r e s s i o n s  p r o p o s e d  e a r l i e r  [21}: 

(~ + Pel/PZ ) 2 
eeff= ( e ) ( Rel/Rt ) ' (9) 

1+ Re R, + ' +  
Lsin/L = } (R l/Rel) eef f �9 (10) 

In o r d e r  to r e f l e c t  the h y d r o d y n a m i c s  of  the g r a n u l a r  l a y e r ,  we  m a k e  u s e  of  the fol lowing e x p r e s s i o n ,  wel l  
known in h y d r a u l i c s :  
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Wtr u = koL~ 

For  d i f ferent  shapes  of  channel we have [12] the following data:  

Shape of c r o s s  C i rc le  Equi la tera l  
sec t ion  t r i a n g l e  

Channel fo rm 
factor k o 

Square 
Slit 

a = 10b 

2.00 1.67 1.78 2.65 

F o r  a sinuous channel we may  wr i te  

hpR~yd ApD~q _ 
Wtru= k&tLsi n , or Wtr u -- 16ko~tL~si n , 

R WtruDe~p 
~t 

W~rupLsin Ap = ~ 2 
2Deq 

If  we find # f rom (12), subst i tute  it into (11), and c a r r y  out ce r t a in  t r ans fo rma t ions ,  we obtain 
2 hp k~ 

Re2Deq 

Compar ing  (14) with (13) and taking k 0 ~ 2.5 for  the granular  l aye r  we have 

= k032 80 
Re Re 

We wr i te  

(11) 

(12) 

(13) 

(14) 

(15) 

W Lsin andDeq ~ 4Serf 
Wtm eel f L S(1 --eeff) " 

Af te r  subst i tut ing these  values  in (12) and (14), we obtain 

Re = 4WLsinP (16) 
S(I - -  eeff) L~" 

8hPeeff (17) 
~' ~- S(1 eeff) pLw2 " 

We c a r r i e d  out a s e r i e s  of exper iments  in the appara tus  of Fig. 2 with bodies of r egu la r  geomet r i ca l  shapes  
in the column; the hydraul ic  m e a s u r e m e n t s  gave re l iab le  values  of  WAp and S, and the e lec t r i ca l  conduc-  
t ivity m e a s u r e m e n t s  enabled us to e s t ima te  the values of Rel/Rl  for known e ,  so that ee f f  and L s i n / L  
could be deduced f rom (9)and  (10). 

The v i scos i ty  and densi ty  of a i r  were  taken f rom tables.  F r o m  the A p / L W  = f(W) graphs  we d e t e r -  
mined the c r i t i ca l  veloci ty  Wcr  a t  which the iner t ia l  fo rces  became  percept ib le .  F o r  this veloci ty  we c a l -  
culated Recr  f rom (16) and ~ f rom (17). The calculat ion was c a r r i e d  out in an analogous manner  for  bodies 
of i r r e g u l a r  shape (crushed marb le ) ,  the only d i f ference  being that S was de te rmined  f rom (8). F o r  m a r b l e  

= 1.5; ~ '  = 3 and accord ing  to Fig. 4 ~ = 1.64. 

The initial  data and the resu l t s  a r e  p resen ted  in Table  1. We see  f rom Table  1 that, independently of 
the shape of the body, the d imensions  and packing densi ty of the pa r t i c l e s ,  and the nature  of the f i l t ra te ,  
R e c r  r ema ined  p rac t i ca l ly  constant  in all  our expe r imen t s ,  and equal to ~ 5, while Z Re was c lose  to C ~ 80. 

Re 
C , B  
Deq 
d 

P 
S 

N O T A T I O N  

is the local r e s i s t a n c e  coefficient;  
is the Reynolds number ;  
a r e  the cons tants ;  
is the equivalent channel d i ame te r  (Deq = 4Rhy d, where  Rhy d is the hydraul ic  radius) ;  
is the d i am e t e r  of the pa r t i c les  or  the s ize  of the mesh ;  
is the poros i ty  (rat io of the volume of the in te rg ranu la r  spaces  to the whole volume of the layer)  ; 
is the pa r t i c l e  packing density (P = 1 - ~ ) ;  
is the specif ic  s u r f ace  a r e a  (ratio of the su r face  a r e a  of the pa r t i c l e s  to their  volume);  

1130 



~p 
Wtru 
# 
L 

Rel 
Rt 

q~ 
r 

P 
W 

is the 
is the 
is the 
is the 
is the 

pressure drop; 
velocity of flow in the channel; 
viscosity of the filtrate; 
height of the particle charge; 
electrical  resistance of the electrolyte filling the column; 

is the electrical  resis tance of the charge of nonconducting particles when the interparticle space is 
filled with electrolyte;  
is the part icle form factor (for spheres q~ = 0.5); 
is the relative part icle form factor (~' = ~/0.5);  
is the density; 
is the rate of flow, r e fe r red  to the whole cross section of the layer.  

LITERATURE CIT ED 

1. R. Collins, Flow of Liquids through Porous Materials [Russian translation], Mir (1964), p. 72. 
2. V . V .  Kafarov and T. A. Malinovskaya, Khim. Promysh. ,  No. 8 (1956). 
3. D . K .  Kollerov, Khim. Promysh. ,  No. 2 (1959). 
4. A . E .  Shneidegger, Physics of the Flow of Liquids through Porous Media [in Russian], Gostoptekhiz- 

dat (1960). 
5. N . M .  Zhavoronkov, Khim. Promysh. ,  No. 9 (1948). 
6. B . F .  Stepochkin, Nauch. Dokl. Vyssh. Shkoly, Khim. i Khim. Tekh., No. 1 (1959). 
7. A . A .  Komarovskii and V. V. Strel ' tsov, Zh. Prikl .  Khim., 32, 1755 (1959). 
8. S . A .  Abdurashitov and A. I. Abdulvagabov, Izv. VUZ. Neft' i Gaz, No. 2-4 (1961); No. 11 (1963). 
9. Yen-Kuen, Chem. Engng., No. 6, 173 (1967). 

10. L . E .  Brownell, D. C. Gami, R. A. Miller, andW. F. Nekarvis, Am. J. Chem. Engng., 2, No. 1, 
79 (1956). 

11. N . U .  Koida, Inzh.-Fiz. Zh., No. 8 (1959); Zh. Fiz. Khim., 34, 789 (1960). 
12. M. ]~. A6rov and 0.  M. Todes, Hydraulic and Thermal Princip---les of the Operation of Apparatus with 

a Stationary and Fluidized Granular Bed [in Russian], Khimiya, Leningrad (1968). 
13. S . G .  Kaprielov, Author's Abstract of Candidate's Dissertation [in Russian], Baku (1955). 
14. A.I. Abdulvagabov, Author's Abstract of Candidate's Dissertation [in Russian], Baku (1961). 
15. M.R.J. Wyllie and A. R. Gregory, Ing. Eng. Chem., 47, No. 7, 1379 (1955). 
16. Lord Rayleigh, Phil. Mag., J. Sci. Ser. 5, 134, 481 (1892). 
17. J.C. Maxwell, A Treatise of Electricity and Magnetism, London (1904), p. 440. 
i8. S.V. Nerpin and A. F. Chudnovskii, Physics of the Soil [in Russian], Nauka (1967), p. 381. 
19. D.A. Fridrikhsberg, Yu. S. Bol'shakova, and T. S. Lipshits, Kolloidn. Zh., 22, No. 3 (1960). 
20. D.A..Fridrikhsberg and V. Ya. Barkovskii, Kolloidn. Zh., 26, No. 6 (1954). 
21. V.A. Nelidov, Teor. Opyt. Khim. Tekh., No. 6 (1970). 

1131 


