HYDRODYNAMICS OF A GRANULAR MEDIUM

N. V. Olovyanova and V. A. Nelidov UDC 532.546

The hydrodynamic characteristics of loose granular media are studied experimentally, with
due allowance for particular aspects of the pore space structure (the sinuous nature of the
paths of penetration and the efficiency with which the intergranular spaces take part in fil-
tration); the results show that A Re = 80, up to Reynolds numbers of Recy =~ 5.

Consideration of the fundamental laws of hydrodynamics — the Navier —Stokes equations — shows that
the energy loss (pressure drop Ap) in a steady-state flow is determined by the forces of internal friction
(viscosity) and the inertial forces, or Ap = Apy + Apj. When the viscous forces predominate Ap; is neg-
ligibly small; hence any increase in pressure is accompanied by a directly proportional increase in the rate
of flow W; this occurs, for example, in the flow of liguids or gases through tubes. This form of flow is re-
flected in the well-known expression for the coefficient of local resistance ) in terms of the Re number,
which takes the form

A = 64/Re S

in the range Re < 2300. However, opinions differ when filtration through a porous medium is considered.
Some research workers [1, 2] assume that the conditions of filtration in a porous medium are reflected by
the expression

A= C/Re, 2)

where C is a constant number differing from 64 as a result of the curvature of the channelg in the porous
medium, noncylindrical cross section of these channels, and the influence of the expansion and contraction
of the channels on their permeability.

Other research workers [3] consider that the conditions of filtration are more accurately represented
by a two-term expression of the form

A == C/Re +B, (3)

in which the second term reflects the influence of the inertial forces and is quite perceptible for even the
lowest filtration rates. The majority of workers adopt an intermediate position in this respect, but their
many determinations of Regr yield very different results [4-12]. This is because, in a granular medium,
the transition from the laminar to the turbulent mode of flow takes place in a much smoother manner than
in tubes. The reasons are as follows. Firstly, there are a large number of channels with differing cross
sections in a granular medium; secondly, consideration of the filtration process as an "external" hydro-
dynamical problem indicates that, when a flow passes around the particles, the inertial terms determining
the nonlinearity of the flow situation tend gradually to zero with diminishing velocity, rather than vanishing
suddenly when a critical velocity is reached. Hence, when studying a granular medium, we may only speak
of a "practical™ value of the average Reynolds number, up to which the resistance law may be regarded as
approximately linear,

Analysis of the experimental data in {13, 14] shows that the Ap /LW = f(W) relationship may be rep-
resented by a broken straight line (which is obtained repeatedly under different experimental conditions),
as illustrated in Fig. 1. The results presented in Fig. 1 suggest that, in a granular medium, as in a tubular
conduit, the filtrate moves in a viscous manner at low filtration velocities, with hardly any inertial forces.
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Fig. 1. Experimental dafa (13, 14] for shot charges of the
following dimensions: 1) 1,6-1.5 mm (filtrate kerosene, ex-
periment No. 41); 2) 1060-900 p (filtrate kerosene, experi-
ment No, 42); 3) 1.6 mm (filtrate kerosene ~oil mixture); 4)
1.4 mm (filtrate kerosene), Cases 1 and 2 refer to [14],
cases 3 and 4 to {13].

This mode of filtration is represented by the horizontal straight lines in Fig. 1; these only transform into
inclined lines after reaching a certain critical velocity Wer — at the break in the straight line, Thus for
W < Wiy, an expression of type (2) should be valid, and for W > Wop, when the effect of the inertial forces
becomes appreciable, an expression of type (3).

In order o estimate the gquantities C, Re, and A, we used the apparatus illustrated schematically in
Fig, 2, After first weighing and determining the specific gravity, the test layer of loose material was
poured into the transparent cylindrical part of column 1. The inside area of the column was A = 100 cm?.
We measured the height of the layer L and calculated the intergranular porosity £. Then we passed air
through the layer by means of the air blower 2 and receiver 3, measuring the filtration velocity W with a
gas counter 4 and the loss of head Ap with 2 manometer 5, After measuring Ap for various W, an eiectrode
7 was placed on the upper plane of the layer and the column was slowly filled from the bottom with an elec-
trolyte passing through the funnel 8, For this purpose a vacuum was first established in the column, The
electrodes 7 were connected to a four-armed ac measuring bridge working at a frequency of 5000 cps. In
this way we measured the electrical resistance R; of the layer consisting of nonconducting particles, the
intergranular pores of which were filled with the electrolyte. In order to determine Rej, the material was
removed from the column, the electrodes were placed as before, and the column was filled with the elec-
trolyte only, the resistance of this being measured at the same temperature as before. As subjects for
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Fig. 2, Arrangement of the experimental apparatus: 1) column;
2) air blower; 3) receiver; 4) gas counter; 5) differential mano-
meter; 6) mercury thermometer; 7) electrodes (grids); 8) funnel,
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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 Reg]/R; for various € are illustrated graphically in
Fig. 3, which also shows some points taken from [15], A mathematical description of the relationship Rel
/R = {(P), where |P = 1—¢&|, was proposed by Rayleigh for cubically packed spheres [16]:
Re_,__ 3P
R, 2 + P — 0.392P10
Maxwell [17] proposed another expression for spheres
R el 1—P
R, 1+05P° ®)
In Eq. (4) the character of the cubic arrangement is reflected in the quantity 0.392P10/3. If we neglect this,
(4) transforms into (5).

4)

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

Rel - 1 —-P _ 12
R, 1+eP 149P

When the shape of the particles deviates from spherical ¢ increases [19, 20]. However, Eq, (6) fails
to reflect the effect of the arrangement of the particles on the relative electrical permeability |Re] /R;|, 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 0.2 P10/3 instead of the analytical 0.393
P19/3, Then for random charges of particles of any shape

Rei 3P I

—— ] —

R, 2 +- gP — 0.2P103

We see from Fig. 3 that for different ¢ Eq. (7) agrees satisfactorily with experimental data over
a wide range of values of p. ' : .
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TABLE 1. Initial Data and Results of Our Determinations of Regp

and A Re
Dimen- Lls | & B olwcr' ”
N s 1 ’ -— P m ©

g Shape Material sions, M e lam cm| eff| B iE‘ g],/csec gl
1 Lead 6,10 0,370129,0 9,80,312 1,08 1,29 |5,36/75,4
2 Glass 2.63 0,387 25.0/22,8| 0,329 2,33 14,26(73.8
3 5 03 0,369 [30,0{10,1] 0,311 w5 | 1,34 15,40178.5
4 Peas : 0,383150,0/10,1/0,325 |1,07| < | 1,30 |5,32{85.8
5 Polystyrene 3,78  |0,397(24,515,8/ 0,340 1,92 5,1276.4
6 | Spheres | Glass 2.30 - |0,379(27.2/26.1]0.321 2,67 |4,20183.0
7 Polystyrene | 5,4—1,9 0,385 55,0:22,8| 0,327 2,92 15,30:71,0
8 L 6o |0.364 37,5 0,306 2 10,84 4,5866.5
9 , 0,364 7.50.306 9 | 1,10 13,3867.0
10 lead 1,40 0,359 42,7| 0,301 S | 0,966/4,68/68.7
1y o0 foase|” oo o.ser | & | 2,70 5.5570)9
12 : : 1% 1,14 1458724
13 0,95 0,350 63,1/ 0,293 1,66 14,88'68,2
14 |Cylinder | Glass ©3,8x7,4 10.390(21,8/13,2 0,306 1,67 1521|795
15 |Disk Polystyrene | .@2,74,6 10,396 154,5/19,4/0.31211,10 2,50 15.37]78.3
16 {Disk 23,9%2,0 {0,399156.3120 4| 0,315 3,00 16.1672.1
17 |Disk Polyethyl 3,98 0,412154,0(15,1] 0,319 1,12 208 {5,94.70,4
18 3,00 [0.479)33,032,8]0.340 3,58 4,80.77.7
i9 4,50 10.51054,5/21,8 0,370 3,33 7,15172.8
20 0,499 11,5140/ 0,359 917 7,08177,8
21 |Irregular 6,00 10,503 46,0/13,1/0,363 1,13 . | 2,03 {7.12/80.5
22 Marble 0,481 140,016,4] 0,343 < | 2,6717,35'82.7
23 gs0  |0.512(19,311,6/0,372 1,68 16,80176,0
24 v ’ 0,494 (25.0|11.6/ 0,355 1,71 6,75(77.6
2% 3125 |0,389141 516,410,260 |, | 4,17 16,50(74,5
2% 159 10,403 120,007 50,272 | 2,75 14,13i79.3

Note; 1. Initial data Nos, 8-13 taken from[13]. 2. In experiment No, 11 the viscosity
of the filtrate ¥ = 5.05-107%; in No. 12 2.59-107 P,

From the value of ¢ we may also define a surface coefficient ¢ for bodies of regular geometrical
shape. This coefficient equals the ratio of the actual specific surface area of the body Stpry to the nominal
specific surface area Sy calculated from the volume of the body on the assumption that it has a spherical
shape,

Clearly for a sphere this ratio (or surface coefficient ¢) is equal to unity. For all other shapes the
ratio should be greater than unity. Let us now introduce a relative particle form factor ¢', for all these
shapes of body, indicating how many times the ¢ of the shape under consideration exceeds the ¢ of a sphere,
We may generalize all this as follows:

Shape Sphere Cylinder Disk Cube
@ 0.5 0.8 0.8 0.9
o'= /0.5 1.0 1.6 1.6 1.8
z 1.0 1.2 1.2 1.245

On the basis of these data we may plot the graph illustrated in Fig. 4, which indicates that the § = f(¢') re~
lationship is in fact linear up to ¢' = 1.8, If we subsequently assume the linearity of this relationship, we

may determine ¢ for any other shapes of particle by determining their experimental value of ¢, If is then
quite easy to calculate the specific surface area for these particles

_5. (8)
S= y Z.

This method does not depend on the hydrodynamics of the layer, which is an indispensable condition in estab-
lishing hydrodynamic laws.

The results of our investigations into the relative electrical permeability of various charges illus-
trated graphically in Fig, 3 also enables us to calculate the effective intergranular porosity &eff and the
sinuosity (tortuosity) Lgijn/L of the paths of penetration from the expressions proposed earlier [21}:

‘ e+ Ret'R; )2

Eeff™ P RR
1= 5 Y14 Delfi )
( RyIR, ) ( T

Lin/L = v Ry /R e g - (10)

In order to reflect the hydrodynamics of the granular layer, we make use of the following expression, well
known in hydraulics:

(9
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For different shapes of channel we have [12] the following data:

Shape of cross . Equilateral Slit
section Circle triangle Square a=10b
Channel form |
factor k; 2.00 167 : 1.78 2.65
For a sinuous channel we may write
ApR: 2
= hyd — _OpDeq (1)
tru P Lsin tru 16k, Lsin
Re = WtruD_eg-P , 12)
W
' WeruoL
Ap= »—————gg i, (13)
If we find u from (12), substitute it into (11), and carry out certain transformations, we obtain
k 32Wtru pLsin
AP =" Reb,, 14
Comparing (14) with (13) and taking k, ~ 2.5 for the granular layer we have ,
_ k32 80 : (15)
Re Re
We write
W Lsin,ap. . _ Heff

- alk
Mgy L S —eg)

After substituting these values in (12) and (14), we obtain

AW Lsinp (16)
S{l —eg) Ly’
8Apedss ( L )3
ST ST e olW T\ L
We carried out a series of experiments in the apparatus of Fig. 2 with bodies of regular geometrical shapes
in the column; the hydraulic measurements gave reliable values of WAp and S, and the electrical conduc-
tivity measurements enabled us to estimate the values of Re] /R for known €, so that eeff and Lgip /L
could be deduced from (9).and (10).

The viscosity and density of air were taken from tables. From the Ap/LW = f(W) graphs we deter-
mined the critical velocity Wer at which the inertial forces became perceptible, For this velocity we cal-
culated Reyy from (16) and A from (17). The calculation was carried out in an analogous manner for bodies
of irregular shape ‘crushed marble), the only difference being that S was determined from (8). For marble
¢ =1.5; ¢' = 3 and according to Fig. 4 { = 1.64.

Re =

A=

am

sin’

The initial data and the results are presented in Table 1. We see from Table 1 that, independently of
the shape of the body, the dimensions and packing density of the particles, and the nature of the filtrate,
Reqp remained practically constant in all our experiments, and equal to ~5, while ) Re was close to C~ 80.

NOTATION

is the local resistance coefficient;

is the Reynolds number;

are the constants;

is the equivalent channel d1ameter (Deq = 4Rnpyd. where Rhyd is the hydraulic radius);

is the diameter of the particles or the size of the mesh;

is the porosity (ratio of the volume of the intergranular spaces to the whole volume of the layer);
is the partiele packing density (P = 1—¢);

is the specific surface area (ratio of the surface area of the particles to their volume);

e a20Qx >
o - ©
-

-
[
w
<



> Q0 DO bk

© w -3 e

10.

11.
12.

13.
14.
15,
16.
17.
18,
19.
20.
21,

is the pressure drop;

is the velocity of flow in the channel;

is the viscosity of the filtrate;

is the height of the particle charge;

is the electrical resistance of the electrolyte filling the column;

is the electrical resistance of the charge of nonconducting particles when the interparticle space is
filled with electrolyte; '

is the particle form factor (for spheres ¢ = 0.5);

is the relative particle form factor (¢' = ¢/0.5);

is the density;

is the rate of flow, referred to the whole cross section of the layer,

LITERATURE CITED

R. Collins, Flow of Liquids through Porous Materials [Russian translation], Mir (1964), p. 72.

V. V. Kafarovand T. A. Malinovskaya, Khim. Promysh., No. 8 (1956).

D. Ig Kollerov, Khim. Promysh., No. 2 (1959).

A, E, Shneidegger, Physics of the Flow of Liquids through Porous Media [in Russian], Gostoptekhiz-
dat (1960).

N. M. Zhavoronkov, Khim, Promysh., No. 9 (1948).

B. F. Stepochkin, Nauch. Dokl. Vyssh. Shkoly, Khim. i Khim. Tekh-, No. 1 (1959).

A. A, Komarovskii and V. V. Strel'tsov, Zh, Prikl. Khim., 32, 1755 (1959).

S. A. Abdurashitov and A. I. Abdulvagabov, Izv. VUZ. Neft' i Gaz, No. 2-4 (1961); No. 11 (1963).
Yen-Kuen, Chem. Engng,, No. 6, 173 (1967).

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

N. U, Koida, Inzh.-Fiz. Zh., No. 8 (1959); Zh. Fiz. Khim., 34, 789 (1960).

M. E. Aérov and O. M. Todes, Hydraulic and Thermal Principles of the Operation of Apparatus with
a Stationary and Fluidized Granular Bed [in Russian], Khimiya, Leningrad (1968).

S. G. Kaprielov, Author's Abstract of Candidate's Dissertation [in Russian], Baku (1955).

A. I, Abdulvagabov, Author's Abstract of Candidate's Dissertation [in Russian], Baku (1961).

M. R. J. Wyllie and A. R. Gregory, Ing. Eng. Chem., 47, No. 7, 1379 (1955).

Lord Rayleigh, Phil, Mag., J. Sci. Ser. 5, 134, 481 (1892).

J. C. Maxwell, A Treatise of Electricity and Magnetism, London (1904), p. 440.

S. V. Nerpin and A. F. Chudnovskii, Physics of the Soil [in Russian], Nauka (1967), p. 381.

D. A. Fridrikhsberg, Yu. S. Bol'shakova, and T. S. Lipshits, Kolloidn. Zh., 22, No. 3 (1960).

D. A. .Fridrikhsberg and V. Ya. Barkovskii, Kolloidn. Zh., 26, No. 6 (1954).

V. A. Nelidov, Teor. Opyt. Khim. Tekh., No. 6 (1970). o

1131



